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PREFACE

The objective of the SPE and DOE in organizing this symposium
has been to bring together in a single annual meeting the best of
the professional community engaged in unconventional gas recovery
technology. The first venture will focus on discussions of the
realities and potentials of unconventional gas sources and an

exchange of technology developments.

Unconventional gas sources are expected to have an important
impact on new gas supplies as technological developments rapidly
emerge and become mature technologies in the recovery of natural
gas from coal, tight formations, Devonian shale geopressured
reservoirs and other alternative high-cost gas sources. It is
hoped that this symposium will provide a state-of-art perspective
on geology, exploration and production research, recovery technology
and field test results.

The Keynote Session will examine the present status and projected
future of unconventional gas production. The technical sessions have
been arranged by the technology ‘involved, rather than by gas sources,
in order to have similar technologies presented in one session. The
planning committee felt that this arrangement would be the most
constructive method for presentation of the advances being made in
technology. In recognition of the importance of how well new
techniques work, one session is devoted to actual field results of

various unconventional gas recovery projects.



Although much time and effort have been spent in organizing
the program of this First Annual Symposium on Unconventional Gas
Recovery, it has been a pleasure largely because of the excellent
support offered by everyone involved. A very dedicated and hard
working program committee contributed substantially to the quality
of this symposium.

I would like to thank the Department of Energy, especially
Hilma Barlow and Dee Dee Manilla who were so generous with their
support, and many thanks to Janelle Stewart, Lisa Jolley, and
Sabrina Rundle from SPE who have all been indispensable in helping
to organize all aspects of this program. Finally, I thank every

author whose work and ideas are presented in this symposium.

John L. Moore
Program Chairman
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INTRODUCTION THE DEMAND FOR ENERGY

Despite the nation's preoccupation with oil, the Even with conservation and improved end-use
colorful, turbulent history of coal and the controversy| efficiencies energy consumption is expected to in-
surrounding nuclear energy, neither oil, coal or nu- crease from 78 quads in 1978 to about 100 quads by
clear is now the dominant U.S. energy source--since 1990. The changes in U.S. energy demand by sector,
the mid-1970's the largest domestic energy source has or market, are projected in Fig. 1.

been natural gas.
The demand for natural gas is supply limited, with

In the past year, the nation consumed nearly 80 industrial firms deterred from its use by fear of cur-
quads (quadrillion or 1015 BTUs) of energy with domes- tailments and electrical utilities deterred by law.
tically produced natural gas providing approximately Assuming adequate supplies were available, the Americar
19 quads (19 Tcf). In comparison, domestic oil pro- Gas Association (AGA) and several demand models pro-
duction was 18 quads (3 billion barrels), coal pro- ject an unconstrained gas demand of 25 to 30 quads
duction was 14 quads (600 million tons) and nuclear (or Tcf). Thus, the critical issue for natural gas
energy in the form of electricity was 3 quads (250 is supply and how it can be increased from domestic
million kilowatt-hours). sources.

Natural gas is an economically preferable sub- ESTIMATING FUTURE SUPPLIES OF NATURAL GAS
stitute for oil and an environmentally more acceptable
source than coal or nuclear for many uses, such as Three types of estimating techniques dominate
industrial heating. Further, increased domestic any future projections of natural gas supplies——
supplies of natural gas could reduce imports, lessen traditional, advocacy, and disaggregate analysis.
the U.S. dependence on foreign energy sources, and
help the balance of payments. 1. Traditional. The traditional approach to

estimating energy supplies relies on econometric mod-

The current constraint on natural gas usage is els, finding rates and an aggregate resource base,
no longer stimulating demand but rather obtaining suf- | generally the latest official USGS study. The current
ficient supply. Even though several early warnings validity of these techniques, however, is doubtful,

were sounded in the 1960's and early 1970's, predicting| given; (a) the fiasco resulting from the use of econo-
curtailments of gas, these warnings were muted by econ- metrii models for the Project Independence Study in
ometric studies that forecast massive additions of 1975;~ (b) the dramatic recent changes that have taken
natural gas if only prices were slightly increased. place in the estimates of the lower-48 resource

Recent detailed geological studies, declining
finding rates and the limited additions of new supplies
in response to sharply higher prices corroborate the

1Federal Energy Administration, Project Independence

conclusion that the geological limits of the domestic Report (Washington, D.C., November 1974). In their
conventional natural gas resource base are being $16.50 per barrel (1979$) and accelerated development
reached and that future production from this source case, the Project Independence Study Group estimated
will decline. domestic oil production would increase in 1985 to 18
million barrels per day and domestic natural gas
The most promising hope for future additions to production would be 24 Tef per year and limited by

natural gas supplies is from the nontraditional sources| demand.
such as frontier (offshore and arctic) areas, deep
drilling, imports, and unconventional gas. This paper
will discuss each of these future supply sources.

References and illustrations at end of paper.
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basez; and, (c) the inability of "hindcasting" models
to properly incorporate new geologic areas (e.g.,
offshore, deep gas) or unconventional resources.

The gas resource base used by traditionalists is
(beyond the API proved reserves), the USGS 1976 esti-
mate of 600 Tcf gf inferred plus undiscovered recov-
erable reserves. The models in Fig. 2 project the
future supplies and sources of gas.

2, Advocacy. A second set of projections are
provided by advocacy groups such as industrial organi-
zations and gas research institutes. While advocacy
groups serve a valuable role and often provide infor-
mation more timely than the traditionalists, the under-
lying assumptions in their forecasts must always be
closely examined. Generally, the advocates use as
their resource base the estimates of the Potential Gas
Committee that over 1,000 Tcf of recoverable gas re-
mains undiscovered, in addition to a proved and infer-
red reserves base of 400 Tcf. The problem with the
advocacy group studies has been that few of the fore-
cast increases in gas supplies have materialized de-
spite five to ten fold real increases in gas prices.

Two of the most thoughtful of the advocacy fore-
casts are those of AGA and the Gas Research Institute's|
"Gas Option." (See Fig. 3)

3. Disaggregate Analysis. While the two previous
methods of forecasting seek to find statistical curves
that describe production from an aggregate natural
gas reserve base, a third set of forecasters reject
the notion of a single, uniform resource base and
question the value of trend line forecasts during majon
changes in prices, technology and the nature of the
resource target. These forecasters rely heavily on
detailed basin and reservoir data and geological
assessments. They dissaggregate the resource into the
various gas sources and use engineering models to de-
termine price and technology elasticities. Because
of the massive data bases and the range of engineering
and economic talent that must be assembled in making
such forecasts, few such efforts have been attempted.
The recent work by the National Petroleum Council on
unconventional gas® and the level of detail in Shell

2In 1976, the USGS issued its report, USGS Circular
725, that more than halved previous estimates of the
domestic undiscovered natural gas resource base.
Special U.5.G.S. studies of the offshore and selected
onshore basins, conducted in 1978-79, further reduced
the estimates of undiscovered natural gas.

3USGC Circular 725, op. cit.

4The Potential Gas Committee has repeatedly projected
an undiscovered, recoverable natural gas reserve of
1,000 Tcf. However, the PGC has continually had to
expand the geological base, by including deep waters
and deeper horizons, to maintain its estimates. See
Report of the Potential Gas Committee, 1979.

5New contract prices for intrastate and interstate
natural gas in 1969 were $0.20 and 0.26 per Mcf re-
spectively. After adjusting for inflation, they would
average about $0.45 per Mcf (in 1979 dollars). Gas
prices at the start of 1980 were between $2.00 and
$4.00 per Mcf depending on applicable regulations.

0il's recent supply forecasts are examples of dis-
aggregated forecasts.

A DISAGGREGATE FORECAST OF FUTURE NATURAL GAS SUPPLIES

The following forecast of natural gas supplies and
the review of future unconventional gas sources is
based largely on such a disaggregate geological and
engineering approach.

1. Conventional Domestic Natural Gas Supplies

a. Lower 48

1) Existing Reserves. At the end of 1978,
the lower 48 proved reserves were 174 Tcf and were
being produced at a production to reserves (P/R) ratio
of 1.to 10. With this proved reserves resource base
and assuming a continuing 1 to 10 P/R ratio, it is
relatively straightforward to project historic pro-
duction from existing reserves to the year 2000. (See
Fig. 4)

2) Inferred Reserves. The development of
a natural gas field, by extension drilling and im-
provements in recovery efficiency, lead to adjustments
in the size of the existing gas reserve. An examina-
tion and projection of this growth in gas reserves
leads to the following estimates of gas production
from inferred reserves. (See Fig. 5)

Ultimately 80 Tcf are anticipated to be added to
lower 48 proved gas reserves by future development of
already discovered fields.

3) New Discoveries. A major paradox exists in
projecting new discoveries of natural gas. On one
hand are the large undiscovered reserve estimates of
the USGS and the Potential Gas Committee that project
400 to 1,000 Tcf of undiscovered recoverable natural
gas. On the other hand, actual new discoveries during
the past years have been low, despite four-fold in-
creases in prices, as shown in Fig. 6.

The problem is not the amount of exploration
drilling. The 1978 rate is four times that at the
start of the decade, as shown on Figure I-1. The
major problem is that the productivity of exploratory
drilling has declined severely. New reserve additions
per well have dropped from 4 Bef per year in 1970 to
1 Bef per well in 1978, as shown on Figure I-2.

Even after allowing for the growth of new dis-
coveries through subsequent development drilling, only
one half of the yearly production is being replaced.

6At the end of 1979, the National Petroleum Council
was completing a detailed geological/engineering
costing assessment of gas supplies from four uncon-
ventional sources -- tight gas, Devonian shales,
methane from coal seams, and geopressured aquifers.

"One of the companies that has been in the forefront
of detailed energy forecasts has been Shell 0il with
its National Energy Outlook series. In 1978, they
projected domestically produced gas supplies could
decline to 15 Tcf per year by 1990, counter to much
rosier forecasts provided by the bulk of the industry.

10
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Given the recent reduced estimates of the conven-
tional natural gas resource base, the limited gas
recovery response to a tenfold price rise and a four-
fold increase in drilling during the 1970's, and the
continuing decline in exploratory drilling productiv-
ity, expectations of major gas supplies from new dis-
coveries must be tempered. At best, the average yearly
rate of new gas additions will stabilize at the 1978
levels. Less optimistically, new gas discoveries will
follow the historically declining pattern. These two
outcomes for new discoveries are shown on Figure I-3.

These new discovereis will grow by subsequent
development drilling, similar to development growth
of already discovered fields (through inferred re-
serves), as shown on Figure I-4. However, given that
the new discoveries have been low, the base for sub-
sequent development drilling is also limited. The
estimates of future gas production from new discoveries
is shown in Fig. 7.

b. Alaska. Currently, 26 Tcf of natural gas are
in Prudhoe Bay and other smaller Alaskan reservoirs.
Domestic use of this gas awaits the construction of a
major, 4,000 mile pipeline. Assuming that the pipe-
line is built by 1990, at the currently planned 2.2
Bcf per day capacity, less than 1 Tcf per year would
be available in the 1990-2000 period. However, the
massive capital costs involved in the project, esti-
mated at $15 to $20 billion dollars, dictate a high
delivery cost, estimated at $10.00 or more per Mcf.

This would make Alaska gas uneconomic unless
rolled in with other lower priced gas and raises con-
cerns as to who would bear the burdens of this higher
cost gas. (A pipeline combining Alaskan gas with
natural gas from the Canadian Mackenzie Delta/Beaufort
Sea could lower these costs and expedite the avail-
ability of supplies from both sources). It is not
likely that these concerns can be resolved in suf-
ficient time to meet the current 1984 deadline. Assum-
ing the U.S. is willing to subsidize this energy
source, Alaskan gas could reach U.S. markets by 1990,
as shown in Fig. 8.

c. Deep Gas. Considerable publicity has been
given to the prospects of massive new gas supplies
from formations below 15,000 feet. These estimates
include 200 Tcf of recoverable reserves by the Poten-
tial Gas Committee; 80 Tcf in the Deep Andarko Basin
(Oklahoma) alone. However, with 600 gas wells a year
already being drilled to this depth, deep gas is
essentially just a more challenging conventional tar-
get and has been included in the conventional gas re-
serves, estimated in Fig. 8.

The gas potential in horizons below 20,000 feet,
labeled ultra and super deep, is still too speculative
for inclusion in the projections.

2. Natural Gas Imports

Three sources of natural gas augment domestic
supplies. These are: overland gas imports from
Mexico and Canada and overseas gas imports of LNG.

a. Mexican Gas Imports. The U.S. euphoria over
the increasingly large hydrocarbon reserves of Mexico,
reported to be over 200 billion barrels of oil equiva-
lent hydrocarbons, is not justified. Such large
projections are not proven reserves. Rather, they
should be classified as speculative anticipations and
appear to be based on optimistic volumetric calcu-

lations.

Clearly, Mexico has a large amount of oil and gas.
The estimates, in early 1979, placed the proved re-
serves at 34 billion barrels of oil and 35 Tef of gas.
However, it is not at all certain whether the U.S. will
ever obtain access to more than a small fraction of
the gas reserves. The Mexicans are converting their
own industry to gas, the Mexican economy and popula-
tion are growing, with a target economic growth rate
of 7%, and, internal demand for gas is increasing
rapidly. The newer prospects appear to be less gas
prone (lower gas/oil ratios) and the current develop-
ment schedule is straining internal capacity. Mexico
has also stated that political and internal economic
decisions rather than the size of the resource base
will dominate decisions on exports. It may well be
that the current 300 MMcf per day (0.1 Tcf per year)
is the most the U.S. will be allowed to import from
Mexico.

Projections for future natural gas imports from
Mexico range from the current, essentially trivial
levels, to a maximum based on Mexico's productive
capacity and underlying reserves. However, even
assuming highly successful exploration, less than 1
Tcf per year would be available in 1990 and internal
demand would consume all available Mexican gas by the
year 2000. (See Fig. 9)

b. Canadian Gas Imports. Canada currently ex-
ports about 1 Tcf annually to the U.S. and appears
to have the capacity to remain the U.S.'s largest
source for gas imports. With the additional exports
authorized in late 1979 and early 1980, gas exports
would rise slightly above this level through the mid-
1980's. After that, unless new authorization is ob-
tained and resources are committed, exports are
scheduled to drop precipitously.

From a geological and resource perspective, Canada
has the potential for becoming a major natural gas
producer, primarily from its Frontier areas (Mackenzie
Delta, Arctic Islands and East Coast Offshore) and
from its unconventional gas (the tight gas sands of
the Deep Basin). How much of this gas will be made
available to the U.S. is uncertain and subject to
numerous internal Canadian political decisions.
projections of gas imports from Canada would thus
range from the currently authorized levels, as supple~
mented at the end of 1979, to the full technical
potential, as shown in Fig. 10.

The

¢. Liquified Natural Gas (LNG). While the U.S.
already has supply agreements that provide 0.4 Tcf
per year of LNG imports, the capacity to substantially
increase this amount is limited. The inaction by the
U.S. government on LNG has led the bulk of the avail-
able gas reserves to be committed to European and
Japanese markets. The remainder of the gas reserves
are in highly uncertain areas for long term imports
(Iran and the Soviet Union) or in geographically dis-
tant areas.

Using the recent LNG report by the Office of
Technology Assessment as the primary source document,
projections of U.S. LNG imports are shown in Fig. 11.

3. Summary of Conventional Gas Sources and

Imports.

The range of supply estimates for each convention-
al source of gas provides a useful boundary of antici-
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pated outcomes, shown as the Low Case and High Case on
Fig. 12. While prudent contingency planning for future
energy supplies should heavily weight the projections
of the Low Case, the likely outcome is somewhere be-
tween the Low and High Cases, labeled the Most Likely
Case on Fig. 12,

Numerous assumptions and judgments, relevant to
the natural gas situation in early 1980, are the basis
for this Most Likely Case estimate. For example, the
current U.S. policies give low priority to securing
LNG imports while European and Japanese countries are
aggressively signing long-term commitments. This dic-
tates that, unless conditions change, future LNG im-
ports will be closer to the Low rather than the High

Case. A tabulation of the potential sources shows:
0 1In 1990, domestic conventional gas produc-
tion and imports would range from 12 to 17
Tcf with a Most Likely Case estimating 16
Tcf.
o

In 2000, these sources of natural gas have
declined to a range of 9 to 15 Tef, with a
Most Likely Case estimate of 12 Tecf.

Even under the best conditions, conventional
natural gas supplies will fall far short of potential
gas demand. Filling as much of this gap as possible
will depend on the promise and timeliness of the un-
conventional and synthetic sources of gas.

4. Synthetic/Unconventional Sources of Gas

Two sources of gas have the potential for appre-
ciably closing the gap between demand and conventional
supplies of natural gas; these are, synthetic gas
from coal (or shale) and unconventional gas.

The technology for synthesizing gas exists,
although it is unproven, limited and costly. The
major technical challenge is to develop a pressurized,
intrained-bed gasifier that can produce synthetic
gas from the full range of U.S. coals. The major
institutional challenge is to manage the massive scale
introduction of medium (and possibly low) BTU gas as
a substitute in the industrial sector for pipeline
quality gas.

Unconventional gas is currently produced from
the higher quality tight gas and Devonian shale de-
posfts, providing about 0.9 Tcf per year. However,
the gas recovery technology is inefficient and inade-
quate for unlocking the vast bulk of the more diffi-
cult, lower grade resource. The technical challenges
vary by type of unconventional resource. However
each type requires improvements in understanding the
resource and its controlling characteristics and each
type requires significant advances in well completion
and stimulation technology.

To a major extent, the size of the gas potential
from synthetic and unconventional sources is depen-
dent on how rapidly the technologies develop. Given
the imperfections in the R&D marketplaces and the
limited capacity of the price mechanism to influence
near—term private R&D investments in synthetic and
unconventional gas technology, Federal incentives for
R&D (like in Canada) or direct Federal investment in
R&D will be required.

The Federal goyermment has been reluctant to

establish incentives for technology or to make the
necessary investment in R&D. For example, the uncon-
ventional gas program is only partly funded and the
thrust of the proposed Energy Security Corporation is
on building plants rather than on investing in future
technology.

Because of this, major uncertainties and a wide

range of outcomes characterize the potential of these
supplementary gas sources.

a. Synthetic Gas

1) High BTU Gas from Coal

The pace at which synthetic gas enters the domes-
tic market will depend greatly on the emergence and
success of the Synthetic Fuels Corporation. Under a
high track of world oil prices and assuming a market
exists for high cost gas, total annual synthetic gas
production from coal could be up to 0.5 Tef by 1990
and range from 1 to 2 Tcf by the year 2000. (The
production of SNG by reforming naptha and LPG, is an
energy inefficient conversion of an already valuable
petroleum product and is not included in these esti-
mates.) As a point of comparison, Shell and Exxon
anticipate approximately 1 Tcf of synthetic gas by
1990.

2) Low and Medium BTU Gas from Coal

Low and
a different
and thus is

medium BTU gas from coal will compete in
energy market than pipeline quality gas
not considered in these supply projections

b. Unconventional Natural Gas Supplies

1) 8Size of the Resource

One of the largest potential additions to U.S.
natural gas supplies could be from four unconventional
natural gas sources——tight gas sands, Devonian shales,
methane from coal seams, and dissolved methane in
geopressured aquifers. The estimates of gas in-place
for these four unconventional resources range widely,
depending on what portions of the resource base are
included, and are shown below:

Tight Gas Sands - 400-1,000 Tcf
Devonian Shales - 100-2,000 Tcf
Methane from Coal Seams - 200-700 Tcf
Geopressured Aquifers - 1,000-6,000 Tcf

0 00 0

While this gas is costly, the geologically better
portions of the resource are already economic and pro-
jections of future prices appear adequate to render
the resource economic. However, this resource is
constrained much more by technology than by price and
in general, after prices reach $4.00 to $5.00 per Mcf,
the supply elasticities with current technology be-
come very low. The major means for increasing supply
and converting a modest gas source into a major re-
source is through the introduction of advanced gas
recovery technology.

2) Potential Contricution

Estimates of the contribution of unconventional
gas range widely and are highly dependent on assump-
tions about technology advances. The low side of
the estimates assume a continuation of current capa-
city; the high side of the estimates assume accelera-
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ted development and use of advanced technology, as
shown in Fig. 13.

SUMMARY OF TOTAL GAS SOURCES

Considerable uncertainty exists in estimating
energy supplies in the future. The three estimates of
conventional gas supply, the Low, High and Most Likely
Cases, are shown on Fig. I-5. Figure I-6 shows the

disaggregated sources that comprise the estimates in
the Most Likely Case. Superimposed on the Most Likely
Case, on Figure I-6, are the various estimates of gas
supplies from unconventional and synthetic gas. Which
of these futures will come about is dependent on how
favorable the undrilled unconventional geology is and
what choices we make in,investing in the essential gas
recovery and conversion technologies.

Sector

Residential/Commercial
Industrial
Transportation

Conversion Losses/Adjustments

TOTAL Gross Energy Consumpti

Annual Consumption

(gygds or 10" gy
18 19
22 33
20 22
i 2
on 78 101

Department of Energy EIA, Series C

to Congress

Fig. 1 - U.S. energy consumption.

Source:
1978 Annual Report
EIA-78 Series C
1985 1990
Domestic 18.4 17.9
Imported 1.9 2.0
Total 20.3 19.9

Source: Department of Energy, EIA

Energy Outlook 1978-2000.

Fig. 2 - Traditional forecasts

Exxon - 1979

1985 1990 2000

15.7 15.1 11.3

2.0 2.6 2.8

17.7 17.7 14.1
, 0p. cit.,

Exxon Corporation, December, 1979

of natural gas supplies (Tcf).




AGA GRI "Gas Options"

1985 2000 1985 2000

Domestic Lower 48 18.6 15.0 19.0 15.0

Alaska 0.8 3.6 0.9 1.5

Other

(e.g.,unconventicnal, 1.4 8.8 1.6 12.5
synthetics, etc.)

Imports 3.5 4.8 3.0 2.5

TOTAL GAS SUPPLY 24.4 32.2 24.5 31.5

Source: Testimony by Dr. H. Linden before the Subcommittee on
Energy and Power, U.S. House of Representatives, June 6, 1979.

Fig. 3 - Advocacy group estimates of natural gas supply (Tcf).

Year Yearly Production (Tcf)
Onshore Of fshore Total
1985 7.6 1.6 9.2
1990 4.3 0.9 5.2
2000 1.3 0.3 1.6

Fig. 4 - Estimates of production from existing reserves.

Year Yearly Production (TCF)
Onshore Of fshore Total
1985 2.2 0.5 2.3
1990 2.8 0.5 3.1
2000 2.3 0.4 2.7

Source: Enhanced Recovery of Unconventional Gas, Volume I[II, Lewin
and Associates, Inc. 1978 (updated in 1980).

Fig. 5 - Estimates of production from inferred reserves.

Gas Prices for Lower 48
New Contracts ($/Mcf) New Discoveries (Tcf)

Year Intrastate Interstate Onshore  Offshore  Total
1973 0.37 0.80

1974 0.46 1.00 1.5 0.8 2.3
1975 0.57 1.40 1.5 1.1 2.6
1976 1.42 1.60 1.1 0.4 1.5
1977 1.42 1.90 1.2 1.0 2.2
1978 1.75 2.10 1.3 0.5 1.8

Source: Energy Future, op. cit.; API/AGA Blue Book, May, 1979.

Fig. 6 - Summary of natural gas prices and new discoveries for past six
years.



Yearly Production (Tcf)

Year Onshore Of fshore Total
Low High Low High “Low High
1985 1.7 1.9 - 0.1 1.7 2.0
1990 2.3 2.8 0.2 0.6 2.5 3.4
2000 2.4 3.9 0.3 0.8 2.7 4.7

Source: Lewin and Associates, Inc.

Fig. 7 - Estimates of production from new discoveries.

Year Yearly Production {Tcf)
1985 -

1990 0-0.8

2000 1.0

Fig. &8 - Estimates of production from Alaska.

Year Yearly Imports (Tcf)
1985 0.1-0.5

1990 0.1-0.7

2000 0.1

Source: Future Mexican 0i] and Gas Production. Lewin and Associates,
Inc., 1979.

Fig. 9 - Estimates of natural gas imports from Mexico.

Year Yearly Imports {Tcf)
1985 1.2-2.0
1990 0.3-2.5
2000 0-3.0

Source: Canadian Natural Gas: A North American Energy Source, Lewin
and Associates, Inc., 1980.

Fig. 10 - Estimates of natural gas imports from Canada.



Year Tef
1985 0.4-0.8
1990 0.8-1.3
2000 0.8-1.8
Source: The Future of Liquified Natural Gas Imports (Draft), Office
of TechnoTogy Assessment, U. S. Congress, 1979
Fig. 11 - Estimates of LNG imports.

Most Likely Low High Most Likely Low High
1985 Case Case Case 1990 (continued) Case Case Case
o Lower 48 o Alaska 0.8 - 0.8
- Existing Reserves 9.2 9.2 9.2 o Imports
- Inferred Reserves 2.7 2.7
- New Discoveries 2.0 _1.7 2.0 - Mexico 0.5 1 0.7
Sub-Total 13.9 13.6 13.9 - Canada 1.5 3 2.
- e .3 08 13
o Alaska - - - Sub-Total 3.3 1.2 4.5
o Imports o Total Conventional Gas Supply* 16 12 17
- Mexico 0.1 0.5 2000
- Canada 1.2 2.0 o Lower 48
- e 0.5 0.4 08
Sub-Total 2.3 1.7 3.3 - Existing Reserves 1.6 1.6 1.6
- Inferred Reserves
o Total Conventional Gas Supply* 16 15 17 - New Discoveries _4.0 2.7 _4.7
Sub-Total 8.3 7.0 9.0
1990
o Alaska 1.0 1.0 1.0
o Lower 48
o Imports
- Existing Reserves 5.2
- Inferred Reserves 3.3 - Mexico - 0.1 0.1
- New Discoveries 3.0 2.5 3.4 - Canada 1.5 - 3.
Sub-Total 1.5 1.0 11.9 - LNG 1.3 0.8 1.8
Sub-Total 2.8 0.9 4.9
o Total Conventional Gas Supply* 12 S 15

* Total domestically produced gas supplies would be approximately 1
Tcf higher in 1985-1990 when unconventional gas sources are included.

Source: Lewin and Associates, Inc.

Fig. 12 - Estimates of U.S. gas supply from conventional sources - 1985-2000. (Tcf per year) .



Successful Exploratory Wells

Bcf per Well

1600

1200

800

400

Current Advanced

Technology Technology
1985 1 1-2
1990 1 2-4
2000 1 3-6

Fig. 13 - Estimates of production from
unconventional gas in TCF.

1970 ‘71 172 73 74 '75 76 77 1978

Fig. I-1 - Successful exploratory wells.
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1970 ‘71 '72 '73 '74 '75 '76 177 1978

Fig. I-2 - Reserve additions per exploratory well.



New Discoveries-Tcf
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Fig. I1-3 - Range of uncertainty in new discoveries. (First year new discoveries-lower 48.)

New Discoveries and Their Growth-Tcf
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Fig. I-4 - Range of uncertainty in total new additions.
{(New discoveries and their growth-lower 48)
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Fig. I-5 - Low, most 1ikely and high case production from
conventional gas.

} Potential Synthetics

\
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Imports
Alaska

New Fields

Existing Fields

1985 1990 2000

Fig. I-6 - Components of conventional gas production most 1ikely case.
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ABSTRACT

Data from geologic and geochemical studies of the
New Albany Shale Group indicate that a 19-county area
of southeastern Illinois is a favorable area to explore
for gas in Devonian shale. Devonian shale in this area
is characterized by: 1) predominance of organic-rich,
b finely laminated black shale; 2) shale thickness of
more than 45 meters; 3) sufficient thermal maturation
of organic matter for oil and some gas generation, as
indicated by vitrinite reflectances >0.5 percent; and
4) the presence of natural fracturing and faulting.
Although gas shows have been encountered in several
wells in this area that penetrate the Devenian shales,
there has not been any commercial production of gas
from shale in Illinois. Until 1979, no attempts had
been made to complete or evaluate a shale gas well.

Core samples were taken in May 1979, from 5 meters
of the upper part of the New Albany Shale in the Hobson
0il #2 Taylor well (Sec. 34, 1 S., 7 E., Wayne County)
and in September through October 1979, from 72 meters
of the upper part of the New Albany Shale (a complete
section) in the G. T. Jenkins #1 Simpson well (Sec. 17,
3 8., 8 E., Wayne County). Seventy core samples were
removed on-site at l-meter intervals throughout both
cores and were sealed in airtight metal canisters for
off-gas analysis. The quantity of gas released after
34 days ranged from 0.16 to 2.40 m3 hydrocarbons/m3 of
shale. These are minimal values and the actual in situ
gas content of the shale may be two to four times
greater. The highest gas contents were observed in the
Grassy Creek Shale and in black shale intervals
throughout the Selmier (Sweetland Creek) Shale. These
gas-bearing intervals generally correspond with high
radioactivity intervals on gamma-ray logs. Olive-gray
and greenish-gray shales in the New Albany contained
only moderate amounts of gas, as did the calcareous,
laminated, black Blocher Shale at the base of the New
Albany.

The average composition of
bons was 70 percent methane, 19
cent propane, 2 percent butane,

the gaseous hydrocar-
percent ethane, 8 per-
and 1 percent heavier

References and illustrations at end of paper.

hydrocarbons. This gas is richer in heavy hydrocar-
bons than is average "pipeline gas'" and has a calcu-
lated average 46,200 kJ/m3 (1,240 BTU/£t3). The
proportion of non-hydrocarbon gases is unknown and the
calorific content of produced gas would necessarily be
slightly lower.

The quantities of shale gas in core samples from
southeastern Illinois are similar to those in core
samples from gas-producing areas of Devonian shale in
the Appalachian Basin; however, because the New Albany
Shale is much thinner than its Appalachian Basin
equivalents, the total gas resource is probably much
smaller. Conventional rotary drilling with mud-based
drilling fluids commonly causes extensive formation
damage and accounts for the paucity of gas shows and
completion attempts in the Devonian shales; therefore,
commercial production of shale gas in Illinois will
probably require novel drilling and completion tech-
niques not commonly used by local operators.

INTRODUCTION

United States production of gas from Devonian
black shales began in 1821 with the drilling of a well
near Fredonia, New York. In the ensuing 159 years
production from Devonian shales has extended into
eastern Kentucky, southern and western West Virginia,
and scattered areas of Pennsylvania, Ohio, New York,
western Kentucky, and Indiana. Currently, about 9600
wells produce gas in the Appalachian Basin. One giant
gas field, the Big Sandy Field ineastern Kentucky, has
produced over 5.6 x 10 m” (2 tcf) of gas from Devo-
nian shale.

The Devonian shales cover a broad area of the
northeastern United States, extending westward into
the Illinois Basin where they are called the New
Albany Shale Group (Devonian-Mississippian). Although
lithologically similar to the Devonian shales of the
Appalachian Basin, the New Albany has produced gas in
only a few small areas of Indiana and western Ken-
tucky. No gas production is known from the New Albany
in I1linois and few oil and gas operators in the
Illinois Basin have considered the shales a commercial
resource or a viable exploration target. Because of
the great lateral extent and thickness of the shales,
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however, resource estimates of the total gas trapped
within them are vast.

Producing gas from the shales has not been com-
mercially attractive in the Illinois Basin because
of technological constraints (the low production
rates) and price regulations. If suitable technol-
ogies can be developed to recover the gas from these
low permeability reservoirs and thereby increase the
lproductive capacity of wells, then the Devonian
shales might become an important source of natural
gas in the near future.

In mid-1976, the Illinois State Geological Sur-
vey began a detailed study of the geology and geo-
chemistry of the New Albany Shale in Illinois to
evaluate its potential as a source of hydrocarbons,
especially gas. This study, undertaken with partial
support from the U.S. Department of Energy (DOE)
[Eastern Gas Shales Project, relied on studies of
cores, drill cutting samples, and geophysical logs
to evaluate the regional geology of the New Albany
Shale and identify the broad areas where the poten-
tial for discovery of gas resources were best. In
addition, DOE-funded drilling provided several cores
of the New Albany Shale in Illinois and western Ken-
tucky. Samples of these cores were collected at the
coring site and quickly sealed in airtight canis-
ters to determine the quantity of gas released from
the shale and the composition of off-gases. These
data allowed an evaluation of the magnitude of the
gas resource and helped identify zones that are
likely to be productive.

An economic evaluation of the potential of the
New Albany Shale for commercial development is out-
side the scope of this report. Readers interested
in such an evaluation should consult the recent
report by the Devonian Shale Task Group of the
National Petroleum Council for an_in-depth economic
analysis of shale gas production.

IGEOLOGIC EVALUATION

Previous studies of gas-bearing shales have
shown that areas of gas production are related, at
least partly, to four characteristics: regional
facies patterns; areas of thick shale accumulation;
the degree of thermal maturation of the organic

atter in the shale; and the presence of extensive
Eracturing or faulting. Other factors may also be
important, but they have not been well documented.
One preliminary evaluation of the New Albany Shale
in Illinois, using these four criteria, concluded
that southeastern Illinois was the most favorable
area for gas production.3

Depositional facies

Shale gas in the Appalachian Basin is usually
obtained from black to brownish-black, laminated,
organic-rich shales.l The gas in these shales orig-
inated from the thermal transformation (maturation)
of the sedimentary organic matter dispersed through-
out the shale matrix. Minor gas production from
gray shales with low organic contents has been
reported, but geologists generally believe that

the gas originated in the black shales and

migrated through natural fractures into the other
zones. The dominant lithofacies of the New Albany
Shale are similar in most respects to the Devonian
shales of the Appalachian Basin. %2>

The distribution of New Albany Shale facies
forms a roughly concentric pattern around the
depositional center of the basin. The cumulative
thickness of organic-rich black shales, as inter-
preted from gamma ray logs,7 is greatest near the
center of the ancestral Illinois Basin in south-
eastern Illinois and adjacent western Kentucky,
and thins away from there in all directions (Fig. 1).
Organic-poor, greenish-gray and olive-gray shales
predominate in areas away from the basin center and
are thickest in western and west-central Illinois.
A broad transitional* zone, where these two major
facies belts interfinger and grade laterally into
one another, trends northeast-southwest across
central Illinois.

Shale thickness

Harris, de Witt, and Colton8 documented a
close correlation between thickness of black shale
accumulation and amount of gas production in the
Appalachian Basin. They found that areas with the
best production coincided with areas where the
black, organic~rich shales exceeded 150 meters in
thickness.

The entire New Albany Group attains a maximum
thickness of approximately 143 meters (470 feet)
in the Illinois Basin (Fig. 2). Clearly, if the
shale must be thicker than this for commercial pro-
duction of shale gas, then the entire Illinois
Basin must be considered unfavorable. There are
two broad regions where moderately thick shale was
deposited in the Illinois Basin, however, and im-
proved completion techniques might permit tecovery
of gas from such areas.

One of these depocenters, located in Iowa and
extending into western Illinois, is not considered
a likely area for gas accumulations because of the
paucity of black shale (Fig. 1). The southern
depocenter, located in southeastern Illinois and
western Kentucky, is a more likely area because it
coincides with the area of greatest black shale
accumulation (Fig. 2).

The broad, thin area of New Albany sediments
trending across central Illinois coincides with a
transitional facies region having only marginal gas
potential.

Thermal maturation

Numerous studies on the origin of petroleum
and natural gas have established that the trans-
formation of sedimentary organic matter to mobile
hydrocarbons depends on burial time and tempera-
ture. The chemical and physical properties of
the disseminated organic matter change in a pro-
gressive and systematic manner as hydrocarbons are
generated; this process is termed "maturation."
Several methods can measure the relative maturity
of a potential hydrocarbon source rock; one of the
best methods for organic-rich rocks is vitrinite
reflectance.

Vitrinite, derived from the woody tissues of
plants, frequently occurs as silt-sized detrital
particles dispersed throughout the matrix of sedi-
mentary rocks. The reflectance of light by vitri-
nite particles increases with increasing maturity
and can be measured microscopically. Vitrinite
reflectances are recorded as percentages of the
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random reflectance of vitrinite under oil immersion,
compared to glass standards of known reflectance.
Usually, a vitrinite reflectance level of at least
0.5 percent is needed for a rock to attain the
"mature stage" (mainly generation of oil with some
co-generation of gas), and a level of at least 1.2
percent is needed to attain the "supermature stage"
(mainly gas generation). Figure 3 is a map of iso-
reflectance values in the New Albany Shale Group,
based on samples from over 100 wells in Illinois.tl
Only the areas on this map with a reflectance
greater than 0.5 percent are likely to have poten-
tial for gas production, and those areas with the
highest reflectances are probably the most favor-
able. Note that the areas where reflectance
exceeds 0.5 percent generally coincide with the
areas of thickest New Albany sediments and the
areas with greatest accumulation of black shale.

Faulting and fracturing

Natural fractures have been cited as a major
pathway for gas migration and production in
Appalachian gas fie@ds. Although their nature
and importance are debatable, it is likely that
extensive fracturing aids the flow of gas into a
well and increases the volume of shale drained by
any single well bore. Most of the major faulting
in Il1linois, including the Wabash Valley, Cottage
Grove, and Rend Lake Fault Systems, and the
Shawneetown Fault Zone, occur in southern and
southeastern Illinois (Fig. 4). Extensive frac-
turing of rocks in these areas is known to exist,
as evidenced by observations in coal mines and
by the significant production of o0il from frac-
tured reservoirs in the New Harmony Field, White
County. Mineralization along fracture systems is
common in the Fluorspar District in extreme south-
eastern Illinois.

Area of greatest gas potential in Illinois

Our evaluation of these four major geologic
criteria-——depositional facies, shale thickness,
thermal maturation, and known faulting and frac-
turing——indicates that a 19-county area of south-
eastern Illinois is geologically the most favorable
area in Illinois for shale gas resources- (Fig. 5).
Although ‘numerous o0il and gas tests penetrate the
Devonizn shales in this region, especially in the
northernmost counties, relatively few gas shows
have been reported and there has never been any
commercial production of gas from the shale. There
are several possible reasons for the apparent lack
of gas shows in Illinois:

1. Virtually all Devonian tests in southern
I1linois are drilled with rotary tools. 1In
Indiana and western Kentucky most reported
gas shows have been from cable tool holes,
wherein gas shows are more noticeable.

Mud logging units are not widely used in
Illinois.

3. Operators in Illinois tend to exhibit little
interest in Devonian shales; therefore, there
are probably many gas shows that have not
been reported. The marginal economics of
shale gas production and the lack of produc-
tion in Illinois may account for this lack
of interest.

The Devonian shales beneath Illinois might
not be gas bearing in many areas.

Except for a few inconclusive or negative drill
stem tests of the Devonian shales in wells with gas
shows, the producing potential of shale in south-
eastern Illinois was untested until recently. No
data on gas release from shale cores were avallable
that could be used to estimate the quantity of gas
contained in the shale, or the most favorable strat-
igraphic zones for gas production. Without addi-
tional data on gas content or gas production, a
geological evaluation must be limited to identifying
broad areas that may hold gas; any quantitative
analysis or commercial evaluation of the gas poten-
tial would be purely speculative.

ANALYSTS OF RELEASED GAS

In May 1979, Hobson 0il Company, an independent
operator based in Flint, Michigan, cored 5 meters of
the uppermost New Albany Shale in their #2 Taylor
test (Sec. 34, T. 1 8., R. 7 E., Wayne County, Illi-
nois). Four samples were removed on-site from this
core for off-gas analysis. In September and October
of 1979 the U.S. Department of Energy (through its
subcontractor Gruy Federal, Inc.), funded coring of
the entire New Albany Shale Group in the Gordon T.
Jenkins #1 Simpson test (Sec. 17, T. 3 S., R. 8 E.,
Wayne County, Illinois). Sixty-six samples were
removed for off-gas analysis from the 72 meters of
Devonian shale recovered. These two cores provided
the first data upon which a more conclusive assess-
ment of the gas potential of the New Albany Shale
in southeastern Illinois could be made.

Methods of gas analysis

Samples were collected at each coring site and
sealed in airtight, reusable aluminum canisters for
off-gas analysis. The time elapsed between coring
the samples and sealing them in canisters varied
from 4 to 6 hours, depending on the trip time out of
the bore hole and the time required to break down
the core barrel, remove the core, and make a brief
lithologic description. The time of sealing, the
air temperature, and the barometric pressure were
recorded; then the sample canisters were trans-
ported to the laboratory to be stored at constant
temperature (20°C).

The headspace pressure within each canister was
monitored weekly until a relatively constant equi-
librium pressure was attained. The quantity of gas
released by each sample was calculated by Boyles Law
using the final, stable headspace pressure. The
volume of headspace was determined by weighing the
volume of water displaced by the core sample and
subtracting it from the known canister volume.

A significant portion of the gaseous hydrocar-
bons contained within the shale at its normal burial
depth was probably lost prior to sealing the samples
within their canisters, because of the sudden drop
in confining pressure as the core is brought up to
the surface, and the relatively long period between
coring and sampling. The quantity of gas released
from core samples should therefore be considered
minimal values, and the actual in situ gas content
is probably two to four times greater.

A small sample of gas was periodically removed
by inserting a hypodermic needle through a rubber
septum in each canister. Gas compositions for these
samples were determined by gas chromatography using
a dual phase column for the separations (CTR
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column, Alltech Associates, Inc.). A Perkin-Elmer
Sigma 1 gas chromatograph system was used to ana-
lyze the headspace gas. A Perkin-Elmer Sigma 10
data processor was used to integrate peak areas
and calculate both the total headspace gas and the
hydrocarbon-only compositions from a single sample
injection. A typical gas chromatogram for a New
Albany Shale sample is shown in Figure 6.

Hobson 0il #2 Taylor core, Wayne County

This core provided the first positive evidence
that the New Albany Shale contains significant quan-
tities of gas in an area of Illinois. Hobson 0il
notified the Illinois Geological Survey in May 1979
of their intent to cut a single 10-meter core
through the New Albany Shale. The Survey agreed to
describe, sample, and determine the gas content and
composition for Hobson as part of our overall study
of the shale. Five meters of core were recovered
from the top of the New Albany Shale Group, all
within a dominantly black shale formation known as
the Grassy Creek Shale. Unfortunately, the entire
length of the core was split by a single, near ver-
tical fracture which resulted in severe jamming of
the core barrel and prevented further coring. The
gas released by four samples collected from this
core ranged from 0.55 to 0.82 m3 hydrocarbon/m3
of shale. The gas was very wet, with over 25 per-
cent ethane and heavier hydrocarbons (Table 1).

Hobson 0il hydraulically fractured the New
Albany Shale and attempted to complete the #2
Taylor well as a gas producer; however, excessive
water production, probably the result of a poor
casing cement bond, resulted in abandonment of the
fractured interval.

G. T. Jenkins #1 Simpson core, Wayne County

Because of the favorable indications of gas
observed in the Hobson 0il well, the Illinois
Survey urged DOE to give high priority to funding
a complete New Albany core in Wayne County or some
adjacent area of southeastern Illinois. Subse-
quently, Gordon T. Jenkins—a Fairfield, Illinois-
based independent o0il operator—agreed to core the
entire New Albany Shale in his #1 Simpson test,
just north of the town of Mill Shoals. A complete
section of the New Albany, with several meters of
overlying and underlying strata, was cored in this
well during late September and early October 1979.
Sixty-six samples taken at approximately l-meter
intervals were collected for off-gas analysis.

The quantity of gas released after 34 days ranged
from 0.16 to 2.40 m3 hydrocarbons/m3 of shale.

The zones of shale with the highest gas content
usually coincided with zones of high radioactive
intervals (Fig. 7). Several sample canisters
leaked for various reasons; therefore, the gas
content of samples within the highest gamma-ray
interval of the Grassy Creek Shale (near 5100 feet;
Fig. 7) could not be accurately determined.
Several black shale intervals of the Selmier Shale
were relatively gas rich, while the Blocher Shale,
a finely laminated, calcareous black shale at the
base of the New Albany Group, contained little gas
(Fig. 7). The low gas contents at the base of the
New Albany Group suggest that the gas did not
migrate into the shale from an underlying, undis-
covered hydrocarbon reservoir.

The composition of the released hydrocarbons
varied only slightly with stratagraphic position

within the shale (Fig. 7). On the average, the gas
comprised 70 percent methane, 19 percent ethane, 8
percent propane, 2 percent butane, and 1 percent
heavier hydrocarbons. Again, this gas is richer in
heavy hydrocarbons than typical pipeline gas. The
calculated calorific content of New Albany gas in
Wayne County is 46,200 kJ/m3 (1240 BTU/ft3), which
includes the four gas analyses from the Hobson 0il
core. The actual calorific value of the produced
gas would be slightly lower because an unknown per-
centage of carbon dioxide, nitrogen, and other non-
hydrocarbon gases would probably be present.
Jenkins did not attempt to complete this well as a
gas producer and plugged back into a higher, oil
saturated zone.

Other New Albany Shale cores in Illinois

Three cores of the New Albany Shale had been
acquired previously in western and central Illinois
as part of our research. For the most part, these
cores identified broad areas where the New Albany
has little or no potential for commercial produc-
tion, rather than identifying areas where gas does
occur. The two northernmost cores, located in
Henderson and Tazewell Counties (Fig. 5), had no
gas shows and released insignificant quantities of
gas—1less than 0.05 m3 hydrocarbon/m3 of shale.
Although these quantities were very small, the
amount of gas released correlated closely with the
with gamma-ray intensity (Figs. 8 and 9).

The third core was drilled at the northern
edge of Louden 0il Field in Effingham County, I1li~-
nois (Fig. 5). This core was located in an area
where the New Albany is thin, and is just outside
the 19-county area previously outlined as having
favorable geologic characteristics for gas.
Although moderate amounts of gas were released by
the core samples (generally below 0.5 m3 gas/m> of
shale; Fig. 10), isotopic analyses suggest the gas
is not indigenous to the shale but rather migrated
upward from the underlying Devonian oil reservoir.

CONCLUSIONS

The analysis of two cores from southeastern
Illinois confirms our previous assessment of the gas
potential of the New Albany Shale,” which was based
on stratigraphic and petrographic interpretations
alone. These cores demonstrated that the New Albany
contains gas in at least some areas of southeastern
Illinois. The quantity of gas released compares
favorably with gas-producing areas in the Appalach-
ian .Basin, where gas contents of 1.0 m” hydrocarbon/
m3 of shale are common. Broad areas of the Devonian
shales in Illinois probably have little or no poten-
tial for commercial production of gas, based on both
geologic data and off-gas analysis of three cores
from these outlying areas. The total Devonian shale
gas resource of any given area in Illinois is prob-
ably much less than that of a similar sized area in
the Appalachian Basin because the New Albany is much
thinner and the level of thermal maturation is
generally lower. The total resource may still be
appreciable; however, in our estimation a quantita-
tive assessment of the resource is still premature
because of limited data.

The widespread use of conventional rotary
drilling with high density, mud-based drilling
fluids in Illinois constitutes a major problem in
evaluating the commercial potential for gas produc-
tion from the New Albany Shale. Drilling muds cause
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extensive formation damage to ultra-low permeability
reservoir rocks such as shale, where even minor
blockage of the few high permeability pathways
available (including natural fractures) may be dis-
astrous. The gas trapped within shales is released
slowly, and at low pressures; thus the reservoir
lacks the energy necessary to clean itself of
drilling-induced damage. Unpublished studies in
Kentucky and Indiana have shown that the propor-
tion of natural gas shows in the Devonian shales

is much higher in holes drilled with cable tools
than in holes drilled with rotary tools. This sug-
gests the possibility that drilling with cable
tools and water, or, better yet, drilling with air
may be the most satisfactory methods for drilling
Devonian shale tests. Because of the numerous
water saturated porous zones in the overlying Mis-
sissippian and Pennsylvanian, such techniques

would probably require that a casing string be set
prior to drilling into the New Albany Shale.

Furthermore, conventional drill stem testing of
shales is probably of little value. Drill stem
tests are of short duration and involve limited
quantities of fluids; they are most satisfactory
when evaluating rocks with high porosity and per-
meability. Production testing of Devonian shales
should take several days or even weeks and will
most likely require some type of stimulation tech-
nique such as massive hydraulic fracturing, to
assess the commercial viability of an area. The
expense and risk of setting casing and stimulating
the shale to evaluate its potential for production
will undoubtedly be major barriers to the develop-
ment of this potential, but as yet untapped
resource.
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TABLE 1

RELEASED GAS ANALYSIS AND HYDROCARBON COMPOSITION,
HOBSON OIL #2 TAYLOR CORE, WAYNE COUNTY, ILLINOIS

Depth to top Off-gas, Cy Cy C3 Cs Cs
of sample o3 HC methane ethane propane butane pentane

m (ft) m3 shale % % % % %
1474 (4834) 0.73 76.81 16.89 4.17 1.28 0.30
1476 (4838) 0.82 72.78 18.30 6.38 1.99 0.55
1477 (4843) 0.66 72.11 18.97 6.39 2.00 0.55
1478 (4846) 0.55 72.57 18.38 6.43 2.04 0.57
Averages 0.69 73.56 18.13 5.97 1.82 0.49

TNy 15GS 1978

Fig. 1- Cumulative thickness of radio-
active "black"shale within the New
Albany Shale Group in I1linois. Radio-
active shale has a log value >60 API
units above a normal shale base 1in?
From Cluff, Reinbold, and Lineback.!%
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Fig. 3 - Mean random reflectance
of vitrinite in the New Albany
Shale Group(R percent x 100).

From Barrows, C]uff and Harvey. 10
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Fig. 5 - The 19-county area
of most probable Devonian
shale gas resources in I11.
Locations of cores sampled
for off-gas analysis are
shown.
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Fig. 4 - Major faults in
I1linois.

1. Compaosite—oxygen, nitrogen, carbon monoxide
2. Methane

3. Carbon dioxide
4. Ethane

5. Oxygen

6. Nitrogen

7. Methane

8. Propane

9. Isobutane

10. n-butane

11. Isopentane

12, n-pentane

5 13. Ethane

Fig. 6 - Typical GC chromatogram of a sample
of gaseous hydrocarbons containing air. A
CTR (Al1tech Associates) column was used for
separation. Ana]gzer conditions: inj. Bort
-~1000C; TCD--200°C; initial temp. --407C

(6 min. hold), temp. program 40°C to 1400C
in 10 min. (3 min. hold); sample size: ulL.
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ABSTRACT

Potentially recoverable quantities of methane
from unconventional sources such as coalbeds have
been largely excluded from potential gas supply
surveys. This is attributable to the lack of data
about the resource, technology and economics of its
recovery. In order to provide answers, DOE initi-
ated the Methane Recovery from Coalbeds Project
(MRCP) to characterize the gas-in-place for various
coalbeds and associated sediments. After the 1977
initiation of the MRCP, several other interested

groups have supported various aspects of the project.

Results are presented from the first phase of
a joint effort between DOE (METC), TRW, GRI, and
Industry to investigate the coalbed methane resource
in the Arkoma basin. This elongated narrow east-
vest sedimentary basin is located in east-central
21ahoma and in west-central Arkansas and contains
extensive gaseous bituminous coal reserves of
Pennsylvanian age. Preliminary gas-in-place
resource estimates were made based on the volume
of coal in-place and on direct methane desorption
data. It has been conservatively estimated that
the total coal resource of the basin is about 7.9
billion tons. Seven individual coal seams have
been identified as being the most 1ikely candidates
tc contain potential coalbed gas reservoirs. The
majority of these coalbeds are continuous, but
these beds do not maintain a constant thickness
throughout the basin. Total gas contents, as
determined by desorption tests on coal cores, range
from 73 cubic feet per ton to 576 cubic feet per
ten. The estimated unscaled in-place methane re-
source is 1.6 Tcf and is considered a low volumetric
assessment for the basin. The estimated depth
scaled in-place methane resource is 2.7 Tcf, 82
percent of which is contained in the Hartshorne
coalbeds. Analyses of gas produced from the
lartshorne coals/Hartshorne Formation show a range
of Ptu values from 993 to 1118 in the western part
of the basin.

References and illustrations at end of paper.

A viable exploration rationale has been estab-
lished for the Arkoma basin, based on various geo-
logical aspects, such as stratigraphy and structure,
the depth of the coalbeds and the recent MRCP well
tests. The described methodology of methane ex-
ploration is present along with the results. Re-
defined target-test areas in the basin have been
delineated and are discussed.

INTRODUCTION

This study is a result of a cooperative effort
between DOE (METC), TRW, GRI and the Natural Gas
Industry to characterize and establish the methane
resource associated with coalbeds in the Arkoma
basin. These activities were initiated in 1979 as
part of the Methane Recovery from Coalbeds Project
(MRCP). Also, the USBM is doing a study in the
Arkoma basin which will determine the effect of
geology and occurrence of the emission of methane
during mining operations (Iannacchione and Puglio,
1979).

The Arkoma basin encompases an area of
approximately 13,488 square miles in the south-
central United States, approximately 41% of which
is in the State of Oklahoma (Fig. 1). The basin
is an east-west trending depression 250 miles long,
25 to 50 miles wide, and contains Pennsylvanian age
and older sedimentary rocks. Except for large-
scale faulting and folding in the trough portion
of the basin, the shelf and sub-shelf are reason-
ably uncomplicated structurally. The shelf has
been least disturbed by the Quachita influence.
Extensive Pennsylvanian age bituminous coal re-
serves and some semi-anthracite reserves are con-
tained in the basin. Deepest coal bearing portions
of the basin occur in a broad area centered around
southern Pittsburg, central Latimer, southern
Haskell, central Le Flore counties, Oklahoma and
west-central Sebastian County, Arkansas. Because
of the basin's central location and proximity to
interstate pipelines, the Arkoma basin is an
attractive potential gas resource area.
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A sedimentary basin approach is used as the
basis for methane in coalbed estimates. This pro-
vides for a physical entity that can be character-
ized with a minimum amount of information early in
the MNCP study. The regional geologic framework
of the Arkoma basin described by Branan (1968) was
utilized and modified as a first step to provide
rational estimates of the in-place methane re-
source. Inasmuch as methane occurs in association
with the coalbeds in the basin, the geological
dimensions of the resource are defined by the ex-
tont of these coals. Hendricks et al. (1939)
classical study on the coal geology of the basin
helped establishing areal continuity of the coal-
beds. The methane is held by adsorption within
the coal and exists as free gas within the fractures
{cleats) in the coalbed. Iannacchione and Puglio
(1938C) have shown that some of the coal-derived
gas in the basin has migrated into associated
sediments. The amount of gas in a coalbed is
determined by the depth of burial, rank and the
chemical nature of the coal. The largest volume
of methane is associated with greater depths of
burial and higher ranks of coal.

There is no ideal method for estimating the
methane resource potential of a coal bearing basin.
The coals in the Arkoma basin are considered to be
moderate to highly gassy. The assessment method
utilized in this study is compatible with the other
basin evaluations in the project and with the
technical resources and data base available. A
range in methane contents was established and used
in conjunction with the identified coal reserves
to provide an estimate of the volume of methane
in-place.

SEQLCGY

The basin contains upward to 30,000 ft (9,144 m)
of sediments adjacent to the Ouachita system.
Branan (1968) estimated that 40,000 cu mi (166,724
cu km) of sediments fill the basin. These sedi-
ments are predominantly of Pennsylvanian age and
consist mostly of clastic marine/deltaic deposits
with some cherty and marine limestones occurring
in the Cambrian/Ordovician sequence.

Structural Framework

Rocks and coalbeds have been highly deformed
by separate orogenic movements beginning during
Atoka time (lower Pennsylvanian) and ending in the
Permian. The Pre-Cambrian basement rocks have
been depressed to depths greater than 25,000
feet in parts of the basin. Influence of the
Czark uplift and the Quachita orogenic province has
caused the Arkoma basin to possess many unique
structural conditions. This has given rise to the
reverse physiography in western Arkansas and
eastern Oklahoma where the synclines form the
mountains and the anticlines are expressed as
valleys.

In order to explain the tectonics, Branan
(1727) divided the Arkoma basin into three
structural provinces, ranked in order of the
influence of the Ouachita deformation (Fig. 1).

Zone 1 is at the forefront of the Ouachita
Mountains in the trough area. Steep dips are common.
The rocks are folded into a series of long, narrow
anticlines, generally overthrust on the north. The
Choctaw overthrust forms the southern boundary of
the basin.

Zone 2 is an area of elongated and domal
features, with 1ittle or no evidence of thrusting.
This is known as the subshelf area.

Zone 3 is the basin shelf area where the
Ouachita influence was slight, and only gentle folds
characterize this portion of the basin. In Zone 3
in Oklahoma the outcropping beds are middle and
upper Pennsylvanian. These rock units thicken
southeastward; however, they have been elevated by
the Ouachita disturbance and now dip northwestward.

There are two basic structural patterns affect-
ing the target areas in the basin: (1) folding and
northward overthrusting, and (2) block faulting.

The stability of the Ozark Plateau on the north
during basin subsidence caused tensional forces to
develop which resulted in the evolution of major
block faulting in the basin (Fig. 2). Disney (1960)
reported that the anticlines occupy approximately
35 percent of the total basin area, whereas the
synclines, being wider, account for approximately
65 percent of the area. These superficial folds
diminish with depth and strike northeast to east.
Structural expression below the Wapanucka Limestone
(Morrowan, lower Pennsylvanian) is not related to
the surface structure.

Directional permeability characteristics of
coalbeds are generally dependent on the orienta-
tion of cleat fractures. Kissell (1972) demon-
strated that a coalbed gives up gas at a higher
rate from the face-cleat direction. Coal cleats
do not always show the exact same orientation
through a vertical sequence. That is to say the
orientation of the butt and face cleats in the
Secor coal could be different from those directions
in the stratigraphically lower Hartshorne coalbed.
These minor variations can be attributed to the
competency and incompetency of the coalbed and the
host rocks.

The structural character of the coals in the
Arkoma basin, such as fracture or cleat {(joint)
density and orientation, have not been thoroughly
investigated on a basin-wide scale. Iannacchione
and Puglio (1979) reported on cleat directions
that were measured at strip mines and surface ex-
posures of coal in Le Flore County, Okalhoma.
Cleat data were then analyzed by them using a
method devised by Diamond et al. {1976). Results
of these analyses show that the direction of the
dominating face cleat varies from N 320W to N 170W,
which is perpendicular to structural trends in
that area of Le Flore County. Butt cleat direc-
tions vary from N 520F to N 770F and are generally
parallel to structural trends in the area. The
friability of the Hartshorne coalbed in eastern
Oklahoma is due to close spacing of the cleat and
the frequent occurrence of shear fractures with
dips of 450 to 550 within the coalbed.
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In summary the face cleats tend to be perpen-
dicular to the axial trend of the Arkoma folds and
probably formed as extension fractures. The butt
cleats tend to be parallel to the axial trend and
formed after compressive forces were released.

Stratigraphic Framework

Stratigraphic relationships are important in
reconstructing the geological depositional en-
vironments of the coalbeds. Coalbeds are the most
continuous Tithotypes known and can be effectively
used as key beds in Tithostratigraphic correlation.
Friedman (1978) developed a generalized geologic
column showing coals and major key lithological
beds in the Arkoma basin of Oklahoma (Fig. 3).

This geologic column is preliminary and is changing
as additional facts come to light from deep drill-
ing and resource characterization studies of the
coalbed methane resources which are in progress
(Pieke, 1980).

The Desmoinesian age formations in the basin
were deposited in a deltaic fashion. Apparently,
the sediment sources were from eroding highlands
to the northeast, north and northwest of the basin.
Thin coalbeds appear in the central part of the
basin in the upper Atokan section (Haley and
Hendricks, 1972). These coalbeds become thicker
and more widespread in the lower Desmoinesian
section (Hartshorne and McAlester coals) providing
the basin with a Targe coalbed resource.

Mccurate coalbed correlation is an essential
prerequisite to the determination of coal resources
and reserves, especially those beds which are
particularly gassy. Although some minor coals have
been noted or described in the geologic literature
of the Arkoma basin, they are not named and or
shown in the geologic column (Fig. 3). These coals
for the most part have been omitted from the pre-
sent discussion because of insufficient basin-wide
information and for resource calculations the coals
are classified as "unnamed". It must be noted
that these minor coals can be up to 3 feet thick
in local areas (Rieke et al., 1980).

Strictly speaking the Hartshorne Sandstone
forms the base of the commercial coal-bearing por-
tion of the Pennsylvanian rock sequence in the
coal basin. Friedman (1974) noted that there are
certain stratigraphic sequences and correlation
uncertainties in the McAlester-Hartshorne area of
the Arkoma basin, such as the four coals present
in the McAlester Formation above the Hartshorne
coal and beneath the McAlester (Stigler) coal
(Fig. 3). Rieke et al. (1980) has shown that these
coals are associated with the Booch delta. At
present the Booch coal resource is classified under
"unnamed" beds. The McAlester coal appears to
correlate with the Stigler coal and the upper
McAlester coal appears to correlate with a "rider"
coal above the Stigler. At least one additional
coal is present above this rider coal in the
YcAlester Formation in Le Flore and Pittsburg
counties, Oklahoma.

As many as four coals are present in the
"Cavanal coal zone" in the Tower part of the
Savanna Formation in Le Flore County. A previously
undetected coal occurs about midway between the
Secor (Upper Witteville) coal and the Lower
HYitteville coal in Cavanal Mountain, Le Flore

County. This coal may be the one that is present
30-45 feet below the Secor in Pittsburg County in
places where the Lower Witteville cannot be
identified (Friedman, 1974).

An unnamed coal lies some 30 - 50 feet above
the Secor Coal in Pittsburg County, and it may or
may not be equivalent to the Mayberry Coal in
Cavanal Mountain in Le Flore County.
coal Ties at least 100 feet stratigraphically above
this "rider" of the Secor Coal.

Rieke et al. (1980) established 18 coal bearing
zones in the MRCP Barringer No. 1-11 test well
located in the Kiowa syncline, Pittsburg County,
Oklahoma. Table 1 presents pertinent chemical and
thickness data for these coals. Synthesis of off-
set well data indicates that there are lateral
discontinuities in the coals within the Kiowa
syncline. The characteristics and variability of
the stratigraphy and depositional environments have
been delineated for these coals in that area.

Depositional Framework

A delta is not deposited entirely at one time.
It represents a history of progradation, maturation
of older elements, and deposition throughout the
delta. The control of these processes is dependent
upon the geomorphic and tectonic framework, energy
pattern, rates of sediment discharge and other
physical conditions.

In the Arkoma basin the depositional pattern
is one of major regressive progradations interrupt-
ing a continuous transgressive depositional period.
This gave rise to the characteristic stratigraphic
pattern in the basin.

Each sandstone has the general shape of a
deltaic unit. Very few of these sandstones have
been studied in detail in the basin's subsurface
except those which show promise as oil or gas pro-
ducing horizons in the Atokan series or in the
Desmoinesian series on the shelf. The overall
pattern and the basic depositional framework
strongly suggest delta deqgradation as a result of
excess sediment supply. This resulted in large
deltaic complexes which have prograded out into
the basin from various directions resulting in
widespread coal deposition.

In the northwestern portion of the basin onlays
are from south to north. The regularity of the
transgression and the presence of excellent key
beds provide the basis of a time-stratigraphic sub-
division of the Atokan-Desmoinesian section of the
Arkoma basin. Visher et al. (1971) stated that
the unconformity separating Mississippian and
Pennsylvanian strata disappears as one goes into
the deeper part of the Arkoma basin, however, the
unconformity is well developed on the shelf. No
regional erosion surfaces have been recognized in
the basin's trough, This suggests that warping
and subsidence occurred in a progressive and
regular manner, and it might not be necessary to
involve tectonic events to explain the overall
depositional pattern. The intermingling of the
delta complexes gave rise to multiple coalbeds such
as the lower, middie and upper Hartshorne coals.
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It is not in the scope of this paper to recon-
struct detailed depositional environmental patterns
that spread over such a large area and represent
the many different coal depositions; but a general-
ized pattern is presented in Table 2.

The distal portion of the delta is considered
to be a neritic depositional environment, whereas,
the term moderate denotes moderate water depths.
Near signifies the delta slope and subaqueous
delta top depositional environments and fluvial
refers to the alluvial delta plain.

The relationship between coalbed continuity,
thickness and depositional environment can be
summarized; back barrier coals are thin and
laterally discontinuous, lower delta plain coals
are thin but continuous, upper delta plain coals
are thick but laterally discontinuous and the transi-
tion zone between upper and lower delta plain pro-
vides a depositional environment for thick and
wide spread coals. Further discussion about the
individual deltas is contained in TRW's Arkoma
Basin Report (Rieke, 1980).

CCAL RESOURCE DATA BASE

In order to make reasonable estimates of the
methane contained in the Arkoma coalbeds one has
to establish the volume of coal present on a bed
basis.

The volumetric assessment of the coalbed
methane resource in the Arkoma basin is based on
Friedman's 1974 study for the Ozarks Regional
Commission which provides the data for the
bituminous-coal resources and recoverable reserves
of Oklahoma. The coal resource data for Arkansas
is from Haley's 1977 study. The objectives of
these coal-investigation studies were to obtain,
evaluate, and provide basic information pertaining
to the extent, thickness, depth of burial and
quality of the coals. The coal resources for
Oklahoma include those that are greater than
3,000 feet deep, and coalbeds greater than 12
inches thick, whereas the Arkansas data was not
specified. Both data sets did not separate out
the shallow (strippable) coals from the deep (non-
strippable) coals. Only 9 percent of the remain-
ing coal resources of Oklahoma are amendable to
surface mining Friedman (1974). In addition
shallow coals in the Arkoma basin can have very
high methane contents (190 feet, 309 ft3/ton
(9.5 cc/g), well DH-A17, Rock Island area of
Lz Flore County, Oklahoma.

Coal resources and reserves are classified
according to standard procedure as measured,
indicated, and inferred. These terms are categories
of reliability based on geologic evidence and
judgment. Friedman's data base consisted of 600
logs of boreholes drilled for coal since 1954,
plus 10 boreholes drilled for the Ozarks Regional
Commission Project, and earlier data published by
the Oklahoma Geological Survey and the USGS.

These coal datum points provide evidence of thick-
ness, composition, continuity, depth, and altitude
of coalbeds. The datum points may be at mine
boundaries, in drill holes that penetrate coal, or
at outcrops. In places where geologic evidence
indicates impure or thin coalbeds or the absence
of coal because of channel-sandstone erosional
cutouts, post-Pennsylvanian erosion, or structural

faults coal resources are not computed in either
measured, indicated, or inferred categories
(Friedman, 1974).

Measured resources are those for which datum
points are not more than 1/2 mile apart. An
jsolated datum point is considered to be the center
of a circle whose radius is 1/4 mile, and this
circle defines an area of measured resources.

Indicated resources are those for which datum
points are not more than 1 1/2 miles apart. An
isolated datum point is considered to be the center
of a circle whose area of indicated resources is
defined by a radius segment of 1/4 to 3/4 mile.

Inferred resources are those for which datum
points are not more than 4 miles apart. An
isolated datum point is considered to be the center
of a circle whose area of inferred resources is
defined by a radius segment of 3/4 to 2 miles.

For Oklahoma, Friedman plotted coal datum
points on base maps compiled from 7.5-minute
topographic-quadrangle maps at a scale of 1:24,000,
on county road maps and geologic maps at a scale of
1:63,360, and on published geologic maps at a scale
of 1:31,680. These datum points are located by 1/4
1/4 section, township, and range, within a geo-
graphic accuracy of about 50-100 feet. The datum
points were obtained by Friedman from previous
work published in the geologic literature, coal-
mine maps surveyed by engineers, recent coal-test
boreholes, coal faces exposed in active mines, and
coal outcrops, but these points were not determined
from geophysical well log records. Mine slopes,
drifts, shafts, and mine boundaries also were
taken as datum points. Arcs or circles were drawn
around all datum points, delineating the measured,
indicated, and inferred, resources and reserves.
Although coal deposits were judged by Friedman to
exist in geologic continuity with adjacent re-
sources, these deposits have not been included in
the tonnage figures of resources if they were
more than 2 miles from a datum point. This has
been done to adhere as closely as possible to the
criteria established by the U.S. Geological Survey,
which have been used conservatively by Trumbull
(1957) in maintaining the standard method of
determining coal resources and reserves (Friedman,
1974).

A coal resource base of about 7.9 billion tons
of bituminous coal remains in the Arkoma basin.
This estimate is conservative due to the lack of
information about deep buried coalbeds and minor
(unnamed) laterally discontinuous coals.

MRCP WELL TESTS

To date there have been four MRCP type I test
wells in the Arkoma basin. These tests were per-
formed during the past 1 1/2 years in the initial
target areas. The four tests are:

e Brown Estate #1-2, Pittsburg Co., OK -
Subshelf - Lilypad Creek Anticline

¢ Barringer #1-11, Pittsburg Co., Ok -
Trough - Kiowa Syncline
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e Day #1-14, Haskell Co., Ok - Trough -
Sanbois Syncline

e USBLM/USBR DH-A17, Le Flore Co., Ok -
Trough - Greenwood Syncline

MRCP data on the methane gas content of the
Arkoma basin coals is presently limited to coring
and well testing in Pittsburg, Haskell and Le Flore
counties, Oklahoma. In Pittsburg County, the
upper Hartshorne, lower Hartshorne, the Booch and
the 'cAlester coals were conventionally and side-
walled cored in two wells between the depths of
1905 and 4630 feet. The coal core samples were
desorbed for approximately five months using the
UsBH's direct method. Total gas contents for the
upper Hartshorne coal and Booch coals were 73 and
211 ft3/ton (2.3 cc/g and 6.6 cc/g), respectively.
In Le Flore County, Oklahoma, the upper Hartshorne
coal was sampled at a depth of 192 feet and found
to contain 309 ft3/ton (9.6 cc/g). Variability in
gas content cannot always be directly related to
coalbed depth, inasmuch as some of the gassier coals
were from shallower horizons. Gas contents are
thought to be related to various geologic controls,
such as the chemical character, thickness, permea-
bility of the coals and structural history of the
specific area.

GAS RESOURCE ASSESSMENT

The results of the direct core desorption
tests were used to provide a rough preliminary
estimate of the methane resource. MRCP test re-
sults have shown that the measured gas content of
the coals range from a low value of 73 ft3/ton to
a high value of 309 ft3/ton (2.3 cc/g to 9.6 cc/g).
The Hartshorne coals in Oklahoma are the most
frequently sampled coalbeds. The USBM have
measured total gas contents in the Hartshorne coals
that range from 350 ft3/ton (10.9 cc/g) to 570
ft3/ton (17.8 cc/g). MRCP measured values are 211
ft3/ton (6.6 cc/g) to 232 ft3/ton (7.3 cc/g) for
Booch coals and 131 ft3/ton (4.1 cc/g) for the
McAlester coal. The Tower values are from the
coals located in the western part of the basin on
the subshelf where the coalbeds are thinner and
not as well developed.

Usdi Studies

Iannacchione and Puglio (1979) calculated the
total volume of methane contained within the upper
and lower Hartshorne coals for Haskell and Le Flore
counties, Oklahoma. Their study used the resuits
of the USBM desorption tests Hartshorne coals.
Estimation of the Hartshorne gas content was based
on a total gas versus depth relationship (Fig. 4).
This relationship is used in conjunction with
overburden and coal isopach maps to scale the
resource. The methane content of the Hartshorne
coals within these two counties was calculated to
be between 1.1 and 1.5 trillion cubic feet of gas.
This estimate was based on a reserve of 2,330 to
3,120 million short tons of coal in place
(Iannacchione and Puglio, 1979).

MRCP Results
The total methane content of any coalbed area

can be calculated by multiplying the total tonnage
estimated for that area by the methane content per

unit weight determined by the direct gas desorption
method (McCulloch et al., 1975). Based on the data
in Table 3 it is possible to present reasonable
ranges for the minimum an< maximum expected in-
place gas resource of the coals in the Arkoma basin.
Gas in-place estimates were calculated on a county
basis and on a bed basis for the Arkoma basin.

Table 4 presents the minimum in-place gas resource
of 1.58 Tcf based on a minimum average methane con-
tent of 200 ft3/ton (6.7 cc/q). Two hundred cubic
feet per ton is considered to be the average natural
gas content of coal. The following coalbeds were
included:

o Lower Hartshorne

e Upper Hartshorne

e Hartshorne Undivided
® McAlester (Stigler)

e McAlester (Stigler) Rider
e Charleston - Arkansas
e Cavanal

e Paris - Arkansas

e Lower Witteville

e Secor

e Unnamed

It is reasonable to assume that the methane resource
contained in these coalbeds should be much higher,
inasmuch as no depth scaling for the gas content
was made such as was done by Iannacchione and
Puglio (1979) in this initial approximation. An
average gas content of 75" £+3/ton (14.1 cc/g)
would give an unscaled upper limit for the methane
gas resource of about 2.55 Tcf. This value is an
average derived from data shown in Fig. 5. Recent
MRCP drilling activities in the Arkoma basin have
also delineated areas which contain more coal than
previously thought, such as encountered in the
Barringer and the Day wells, Pittsburg and Haskell
counties, Oklahoma. The extent of these new coal
reserves have not been determined and therefore are
not included in the present assessment.

Depth scaling of the Hartshorne coal resource
was made using Fig. 4 for Haskell, Latimer and
Le Flore counties, Oklahoma and for Sebastian
County, Arkansas and the coal resource data from
Friedman (1974). The scaled gas-in-place resource
was calculated to be 2.73 Tcf for the basin. Table
5 compares the depth scaled resource values with
the unscaled values. PResults from this table
show a strong shift in the preponderance of the
Hartshorne gas resource from 69% (unscaled) to
82% (scaled). Uncertainties still exist in the
variation of the gas content values with respect
to:

® area

e depth
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Future testing activities will hopefully establish
the variation in the coalbed gas content with depth
for the western, central and eastern parts of the
Arkoma basin.

Gas Composition

The gas from the Arkoma coalbeds and associat-
ed sediments is not pure methane. Table 6 provides
some selected typical gas compositions of samples
taken from producing wells in the Hartshorne Forma-
tion. The gas bearing zones in the Hartshorne
wells are closely associated with the Hartshorne
coals by either being right above the coalbeds,
between or directly below them.

Thermal quality of the gas being produced
from the Hartshorne Sandstone/Hartshorne coals in
the S. McAlester Gas Field, Kiowa syncline,
Pittsburg County, Oklahoma ranges from 1097 to
1118 Btu's. Pure methane has a heat content of
1012 Btu's per cubic foot at 600F and atmospheric
pressure. The range in the thermal values of 993
to 1118 Btu's would give a thermal energy resource
somewhere between 1.57 x 1015 to 1.76 x 1015 Btu's
for the basin using the assumed minimum resource
value. By using the scaled resource value of
2.73 Tcf the range is from 2.71 x 1015 to 3.05 x
1015 Btu's,

Carbon Isotope Values

The USBM collected and analyzed samplies of
the desorbing gas from the upper Booch {Barringer
No. 1-11 well) and the upper Hartshorne (DH-A17
well) coals cores. The oC!3 values are similar to
those values from gas in medium-volatile bituminous
Hartshorne coals as analyzed by Iannacchione and
Puglio (1980).

TARGET AREA SELECTION

An initial target area of approximately 5300
square miles of the Arkoma basin was selected for
early testing in the MRCP. This area was thought
to contain ample opportunities for testing those
coals having the greatest potential for commerciali-
zation of the coalbed methane resource.

A detailed investigation completed this year
surveyed the available resource data and the results
of MRCP testing. As a result of this study, the
initially defined target area has been redefined
to concentrate further on the gas-in-place in deep
lying Hartshorne and McAlester coalbeds. Further
resource characterization detailing the variability
of the coals' total gas contents is needed in order
to properly evaluate their contribution to the
total coalbed methane resource of the basin. The
following criteria were developed and used in re-
defining areas with the greatest potential methane
resource.

e Thick coalbeds have higher methane contents.

e Higher the coal's rank, greater the amount
of thermally generated methane present in
the coalbed.

o Lower the fixed carbon values for
bituminous coal, the higher the remaining
methane content in the Arkoma basin coalbeds.

e Fixed carbon values in the Arkoma basin
coals are related to structural deformation.

e Coals in anticlines have a higher percent-
age of fixed carbon than the coals in
adjacent synclines.

¢ Anticlines in the basin are narrower than
the synclines indicating more deformation.

o More deformation - more fractures - more
gas loss to surrounding sediments.

e Anticlines occupy approximately 35 percent
of the total basin area.

e Synclines occupy 65 percent of the total
basin area.

® Methane content in the Hartshorne coalbeds
increases with depth of burial.

o Thick Hartshorne sand development thin
Tower Hartshorne coalbed.

e Optimum conditions for gas in coalbeds -
Look for:

- Broad synclines
- Thick coalbeds
- Deeply buried coalbeds

e Optimum conditions for gas in coal associat-
ed sediments - Look for:

- Narrow anticlines
- Thick coalbeds
- Fractured rocks
Recommendations for completing the delineation
of the Arkoma coalbed methane resource base area
are:
o Type I tests (conventional gas or oil wells
being drilled to potential reservoirs below
the coal):

- Cavanal syncline (Le Flore County,
Oklahoma)

- Cavanal syncline (Sebastian County,
Arkansas)

- Lehigh syncline (Coal County, Oklahoma)

o Type III tests (well drilled expressly for
completion as a production well from coal-
beds):

- Kiowa syncline (Pittsburg County,
Oklahoma; Barringer No. 1-11 well)

- Sanbois syncline (Haskell County,
Oklahoma; Pay No. 1-14 well)

- Cavanal or Lehigh syncline as needed.




. RIEKE III

It is recommended that a minimum of three
type I test wells be planned in these chosen target
areas (Fig. 5). In addition at least one type III
well test should be conducted in the Kiowa syncline,
Pittsburg County, Oklahoma to test the deep
McAlester and Hartshorne coals. Once these target
areas have been adequately tested an evaluation of
the resource data should be made to determine the
requirements for, or value of, additional type I
testing in the Arkoma basin. Type III testing, if
sufficient gas is found, should be planned for the
purpose of gathering specific reservoir and pro-
duction data from these coalbeds.

CONCLUSIONS

Although the presented methane data are derived
from a relatively small data base, it appears that
the measured methane content of the coalbeds in the
Arkoma basin is low to moderate (73 to 211 ft3/ton;
2.3 to 6.6 cc/g) in the northwest subshelf area,
moderate to high (200 - 570 ft3/ton; 6.2 to 17.8

cc/g) in the central trough, and unknown in Arkansas.

There appears to be a general increase in the gas
content within the trough portion of the basin
towards the east.

On the basis of information gathered in this
report, a rational was developed that redefined
those areas in the Arkoma basin which hold a
higher probability for early commercial coalbed
methane gas production. One of the key considera-
tions in this response to this requirement is
understanding the relationships between geologic
structure, coal rank and variation of total gas
content with respect to depth and location.

In summary:

1. The in-placed methane resource
e Unscaled
- Minimum 1.6 Tcf
- Maximum 3.6 Tcf
e Scaled
- Most likely 2.7 Tcf
2. HNeasured desorbed gas content of Arkoma coals
range from 73 ft3/ton (2.3 cc/g) to 570 ft3/
ton (17.8 cc/q).

3. The amount of gas which is producible is
undetermined.

4. Total coal resource base (measured, indicated
and inferred) is 7.9 billion tons.

5. Measured and inferred coal resource values are
Tow for the basin and need to be updated owing
to the recent MRCP well tests.

6. Majority of the gas in-place is contained in
two distinct coal measures

- Hartshorne coals 69% to 82%

- McAlester coals 21% to 12%

7. Thermal values (dry) of gas produced from
associate sediments range from 993 to
1118 Btu's.

UNIT CONVERSION
To obtain the corresponding SI units:
Multiply Btu by 1.155 to obtain kJ

Multiply ft by 0.3048 to obtain m

Multiply ft3 by 0.0283 to obtain m3

Multiply ft3/ton by 0.0312 to obtain cc/g

Multiply ton by 0.9071 to obtain Mg
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Table 1

Summary of coalbed data derived from geophysical well Togs for the
Barringer No. 1-11 well, Pittsburg County, Oklahoma.

COAL SEAM CUMULATIVE
DEPTH CARBON ASH  MOISTURE THICKNESS THICKNESS
NAME INTERVALS WT PCT WT PCT  WT PCT FT. FT.
| UNNAMED BOGGY COAL 446.375 - 447.500 62.50 37.50 0.00 1.13 1.13
UMMAMED BOGGY COAL 465.250 - 467.125 64.06 31.56 4.37 1.88 2,01
WSECOR RIDER 940.375 - 941.125 62.14 32.86 5.00 0.75 3.76
SECOR 994.125 - 998.000 37.70 41.47 20.62 3.87 7.67
UNNAMED BOGGY COAL 1050.000 - 1053.250 41.11 35.74 23.15 3.25 11.88
L. WITTEVILLE 1180.375 - 1181.125 47.14 37.86 15.00 0.75 11.63
BUMNAMED SAVANNA COAL 1904.750 - 1905.625 67.50 32.50 0.00 0.88 12.51
U. CAVANAL 2128.125 - 2128.750 69,17 22.50 8.33 0.63 13.14
L. CAVANAL 2131.125 - 2132.250 81.00 19.00 0.00 1.13 14.27
UNMAMED SAVANNA COAL 2173.500 - 2174.000 45.00 45.00 10.00 0.50 1477
WUNNAMED MCALESTER COAL 2768.125 - 2769.500 49.58 39,58 10.83 1.37 15.14
UMNAMED MCALESTER COAL 2856.500 - 2857.750 34.55 54.09 11.36 1.25 17.39
UMMAMED MCALESTER COAL 3108.500 - 3109.500 52.78 38.33 8.89 1.00 12.39
MCALESTER RIDER 3163.875 - 3170.000 59.00 35.00 6.00 1.13 19.52
MCALESTER 3213.375 - 3217.000 57.00 21.83 21.17 3.63 23.14
U. BOOCH* 3651.000 - 3652.500 45,39 35.00 19.62 1.50 28,64
®M. BOOCH* 3880.250 - 3883.625 27.14 41.07 31.79 3.37 200
LOWER HARTSHORNE 4629.625 - 4632.750 50.58 30.58 18.85 3.13 31.14
*UNOFFICIAL NAME
MSHALY-COAL OR CARBONACEOQUS SHALE
Table 2
Generalized depositional environments in the Arkoma basin. Western

section includes Atoka, Coal and Pittsburg counties, Oklahoma;
Central section includes Haskell, Latimer, Le Flore counties,
Nklahoma and Sebastian and Scott counties, Arkansas; Eastern section
includes Crawford, Franklin, Johnson and Logan counties, Arkansas.

MODEL [ WESTERN f CENTRAL | EASTERN

! i
Boggy Near to fluvial | Fluvial | Missing
Savanna Near to fluvial ’ Near to fluvial | Fluvial
McAlester Moderate to near to f1uvia1l Near to fluvial ‘ Fluvial
lartshorne | Near to fluvial Near to fluvial  Near to fluvial

Atoka Distal

Moderate to near Near to fluvial




Table 3

Methane data from coals sampled in the Brown Estate No. 1-2 and
Barringer No. 1-11 wells Pittsburg County, Oklahoma and the
DH-A17 well, Le Flore County, Oklahoma.

Desorbed Residual Total

Depth  Lost Gas Gas Gas Gas Content
Coalbed Ft. cc/g cc/g cc/g (cc/g)  (ft3/ton)
McAlester 1905 1.407 2.683 0 4.09 131
Booch 2130 3.514 3.087 0 6.60 VAR
Upper Hartshorne 2733 0.630 1.639 0 2.27 73
Booch 0.76 5.59 0.9 7.25 232
Upper Hartshorne 196 0.08 8.37 1.2 9.65 309
Table 4
Iota] Remaining Bituminous Coal and Coalbed Methane on a
sounty Basis, Arkoma Basin, in Arkansas and Oklahoma.
Average Gas Content
Remaining Coal BCF

200 cf/ton 450 cf/ton
County State 1,000 Short Tons (6.25 cc/g) (14 cc/qg)
Atoka Oklahoma® 29,619 5.92 13.33
Coal 292,875 58.58 131.79
Haskell 1,513,681 302.74 681.16

Hughes Not Known - -
Latimer. 841,968 168.39 378.89
LeFlore 1,973,362 394.67 888.01
Muskogee 61,199 12.24 27.53
Pittsburg 1,383,832 276.77 622.72
Sequoyah 27,146 5.43 12.22
Subtotal Oklahoma 6,123,682 1.224.74 2,755.65
Crawford Arkansas? 289,900 57.98 130.46
Franklin 212,400 42.48 95.58
Johnson 59,400 11.88 26.73
Logan 41,400 8.28 18.63
Scott 104,200 20.84 46.89
Sebastian 1,063,000 212.60 478.35
Subtotal Arkansas 1,770,300 354.06 796.29
Total Arkoma Basin 7,893,982 1,578.80 3,552.29

'As of January 1, 1974,
*As of January 1, 1977.



Table 5

Percentage distribution of the methane
resource in the Arkoma coalbeds

Unscaled Scaled

Hartshorne Coals 68.9% 82.3%
McAlester Coals 20.9 12.4
Charleston Coal 0.8 0.3
Cavanal Coal 2.0 1.1
Paris Coal 0.5 0.3
Lower Witteville Coal 0.8 0.4
Secor Coal 5.2 2.9
Unnamed Coals 0.9 0.3

100.0% 100.0%

Table 6

Gas sample analysis from the Hartshorne Formation in Oklahoma

Smalley No. 1-12 German No. 1 Stipe No. 1-4 Roberts No. 1

County Coal Pittsburg Pittsburg Pittsburg
Field Ashland S McAlester S McAlester S Featerston NW
Location Sec. 12, T.3N., R.11E. Sec. 33, T.5N., R.15E. Sec. 4, T.4N., R.15E.  Sec.3, T.7N., R.17E.
Owner Continental 0i1 Co. ‘Mustang Prod. Co., Mustang Prod. Co. Potts Stephenson Expl. Co.
Compieted Not Given Not Given 3/74 05/26/76
Sampled 09/30/76 10/73 9/75 10/12/76
Formation Penn-Hartshorne Penn-Hartshorne Penn-Hartshorne Penn-Hartshorne
Depth, Feet 3320 3290 3838 2502
Wellhead Pressure, PSIG 500 823 124 585
Open Flow, MCFD 5300 Not Given Not Given 3900
Component, Mole PCT

Methane 85.40 90.88 88.66 9.60

Ethane 3.10 6.17 6.97 3.80

Propane 1.50 2.18 2.53 0.70

N-Butane 0.40 0.38 0.4 0.10

Isobutane 0.20 0.26 0.30 Trace

N-Pentane 0.10 0.06 0.09 0

Isopentane 0.10 0.10 0.09 0.10

Hexanes Plus 0.10 0.04 0.10 Trace

Nitrogen 8.30 0.39 0.36 0.60

Oxygen 0.30 0 0 Trace

Argon 0.10 ND ND Trace

Carbon Dioxide 0.30 0.1% 0.43 Trace

Helium 0.12 0.06 0.05 0.04
Heating Value (Dry) 993 1102 1118 1052
Reference Moore, 1977 NA NA Moore, 1977

ND Not Determined NA Not Applicable
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ABSTRACT

In order to determine the coal bed methane poten-
tial of the Raton basin, Colorado Geological Survey
personnel studied the geography, the geology, the his—
tory of oil and gas exploration, and the coal resources
and past production in the Raton coal region. Data
gathered during study of the above disciplines, along
with direct measurements of the coals' gas content, can
be used to estimate the methane potential of the Raton
basin.

INTRODUCTION

Coal has been mined commercially_in the Colorado
portion of the Raton basin since 18701; reports of
methane gas occurrences in the coal mines date back to
the same period. O0il and gas exploration in the region
began late in the last century. Explorationists en-
countered methane gas as they drilled through coal
zones; they even tested some coal beds. Today coal
mines, coal core holes, and oil and gas tests are still
encountering large amounts of coal-derived methane. If
the amount and source of this gas could be better de-
fined, possible coal mining hazards could be predicted
and an untapped gas source utilized.

In 1975, the U.S. Bureau of Mines provided the
Colorado Geological Survey with a grant to gather data
on the methane potential of the coal beds of Colorado.
During this grant, Survey geologists located 32 his-
torically gassy mines and recorded methane emission
rates from operating mines. 1In addition, Survey geo-
logists began using the U.S. Bureau of Mines "direct
method" of desorbing (or measuring the gas emitted by)
fresh coal core samples to determine the total gas
content of a coal.

Today, this research continuous under two grants -
a U.S. Department of Energy Grant entitled "Evaluation
of the Methane Potential of Unmined/Unminable Coalbeds
in Colorado" and a Colorado 0il and Gas Conservation
Commission grant entitled "Conservation of Methane from
Mined/Minable Gaseous Coal Beds'. Forty one coal core
samples from the Raton coal region alone, have or are
being desorbed. In addition, the geography, geology,

References and illustrations at end of paper.

0il and gas resources, and coal resources of the region
are being studied to provide a framework for the me-
thane data.

GEOGRAPHY

The Raton basin is a 241 x 193 km (150 x 120 mi.)
north-south trending structural basin in southeastern
Colorade and northeastern New Mexico (Fig. 1). The
area of the Colorado portion of the basin is approxi-
mately 12,950 km?2 (5000 mi.z). The basin is bounded
by the Sangre de Cristo Mountains to the west, the
Wet Mountains and the Apishapa uplift to the north
and northeast, and the Sierra Grande-Las Animas arch
to the east and southeast.

The coal bearing region in Colorado is a 2850 km?
(1100 mi.*) area in Las Animas and Huerfano Counties.
The region is a plateau within the basin edged by the
cliff-forming outcrop of the Trinidad sandstone. The
elevation of the coal region ranges from 2130 m (7000
ft) in the east to 2740 m (9000 ft) in the west; the
highest point is West Spanish Peak at 4152.29 m
(13,623 ft). The plateau is dissected by the Purga-
toire, Huerfano, Cuchara, and Apishapa Rivers (all
eastward draining tributaries of the Arkansas River)
(Fig. 1).

The largest towns of the region occur where these
rivers flow onto the plains: Trinidad (population
9901) on the Purgatoire, Walsenburg (population 4329)
on the Cughara, and Aquilar (population 699) on the
Apishapa. Important land uses include grazing cattle
and sheep, dry farming (at intermediate elevations),
irrigation farming (along larger streams), lumbering
(in the mountains), and coal mining.

The climate of the coal region is dependent on the
elevation and ranges from semiarid in the plains to
subhumid in the mountains. Most precipatation occurs
as thundershowers from April through September; there
is a dry spell in June.

Vegetation is also elevation dependent. Eighty
percent of the area is in the foothills vegetation
zone of open coniferous forests and grasslands. Eigh-
teen % is in the mountain zone of coniferous forests
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and aspen groves. Less than two %7 is in the subalpine
zone of dense coniferous forests and less than one %
is in the alpine zone of sparse vegetation above tim-
berline.

Access to the coal region is by railway and high-
ways as shown in Figure 1. The two gas pipelines in
the region are also shown in this figure.

STRATIGRAPHY

The formations present in the Raton Mesa coal
region range from Precambrian to Recent in age and are
listed in the stratigraphic chart (Fig. 2). The total
sediment thickness is 4570-7620 m (15,000-25,000 ft)
on the west side of the region and 3048 m (10,000 ft)
on the east. Late Paleozoic and early Mesozoic strata
form an eastward thinning wedge 3660~6100 m (12,000~
20,000 ft) thick in the west to 2130 m (7000 ft) thick
in the east. Overlying late Cretacegus strata are
approximately 914 m (3000 ft) thick.

During much of Cretaceous time, the coal region
was under a vast Cretaceous sea extending from the
Gulf of Mexico to Canada. The uppermost Cretaceous
strata and Tertiary strata record the northeastward
regression of the Cretaceous sea and rise of the Rocky
Mountains during the Laramide revolution. The late
Cretaceous to Tertiary strata which bear upon the coal
bed methane potential of the region are described be-
low.

Pierre Shale

The Pierre shale is a Cretaceous marine shale
widespread throughout the Great Plains and 490-700 m
(1600-2300 ft) thick in the study area. The easily
weathered shale forms valleys and lowlands around the
coal region.

The main body of the shale is a dark gray to
black, non calcareous, bentonitic, fissile shale 400-
700 m (1300-2300 ft) thick. Tt contains a few thin
limestone lenses and septarian concretions. This part
of the formation was deposited in a neritic environment
and represents the maximum transgression of the Cre-
taceous sea.

The upper 60-90 m (200-300 ft) of the Pierre is
buff to gray, fine to medium grained shaly sandstones
interbedded with gray to black, silty and sandy shales.
It is highly burrowed and was deposited in a prodelta
environment forming a gradual transition with the over-|
lying and intertongueing Trinidad sandstone.

Trinidad Sandstone

The Trinidad sandstone is a 0-90 m (0-300 ft)
thick ledge-forming sandstone roughly correlatable with
the Pictured Cliffs sandstone in the San Juan basin of
southwestern Colorado and the Fox Hills sandstone of
the Denver basin to the north. Recent workers,
Billingsley4 and Manzolillo?, divide the sandstone in-
to an upper fluvial zone and a lower delta front sand-
stone. Earlier workers considered the Trinidad a
beach sand formed along the western margin of the
northeasterly retreating Cretaceous sea.

According to Billingsley and Manzolillo, the
lower Trinidad is a buff to light gray, coarsening
upward, very fine to fine grained quartz sandstone.
It usually exhibits tabular bedding, ball and pillow
structure, and littoral to shallow neritic fossils

such as Halymenites and Ophimorpha.

The upper Trinidad is a fining upward, medium to
fine grained sandstone. It is mgre porous and perm-
eable than the lower; Matuszczak reported a maximum
porosity of 21% and permeability of more than 200 md
in this zone. Billingsley and Manzolillo interpret
it as a salt marsh estuarine or distributary channel
facies due to: 1) its lack of burrowing, 2) scour
contact and high angle cross stratification, 3) fine
to medium grain size, 4) subaqueous shrinkage cracks,
5) lag deposits, 6) indistinct bedding, and 7) upward
decrease in grain size. It intertongues with the
overlying Vermejo formation. Figure 3 is a structure
map on the top of the Trinidad sandstone.

Vermejo Formation

The Vermejo formation is a 0-17 m (0-550 ft) thick
fresh water delta plain formation of Late Cretaceous
age. It forms gentle slopes and subsequent stream
valleys between the sandstones of the underlying
Trinidad and overlying Raton formation.

According to Harbour and Dixon7, the Vermejo
formation is composed of 60% shale, 30% sandstone,
and 10% coal. The shales are gray to black, carbon-
aceous and silty. The sandstones are buff, gray
and gray green in color; they are composed of fine
grains of quartz (with some weathered feldspar, mica,
and ferromagnesium minerals) cemented by clay and
calcium carbonate. The coals are high volatile A to
low volatile in rank and are composed of vitrain with
lesser durain and fusain; they have cubic or prismatic
cleat and are bright and friable. Both sandstone and
coals are often discontinuous and lenticular.

Raton Formation

The Raton formation is a 0-520 m (0-1700 ft) thick
continental formation of Late Cretaceous and Paleocene
age. It overlies and intertongues with the Vermejo
formation.

This formation is composed of sandstones, silty
shales, carbonaceous shales, coals, and conglomerates
deposited in a flood plain environment. The sand-
stones are light gray to buff in color and thin to
massive bedded; they are composed of very fine to
medium, subangular to subrounded, grains of quartz
(with some feldspar, ferromagnesium minerals and rock
fragments) that are cemented by calcium carbonate and
clay. The gray to black shales grade from pure clay-
stone into siltstone and from carbonaceous shales into
coal. A well cemented 0-76 m (0-250 ft) conglomerate
composed of chert, quartzite, granite, gneiss, and
quartz pebbles forms the base of the Raton formation.
The friable coals are high-volatile C to low-volatile
in rank and are mostly vitrain with some durain and
fusain; they have cubic or prismatic cleat and a dull
to bright luster. The sandstones and the conglomerate
form benches in outcrop while the thicker shales form
lowlands.

Poison Canyon Formation

The Poison Canyon formation is a 0-760 m (0-2500
ft) thick Paleocene age formation. It unconformably
overlaps the Raton, Vermejo, Trinidad and Pierre
formations in the north and intertongues with the
Raton formation in the south.

It is formed of arkosic sandstones, conglomerates,
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thick shales, and minor coals deposited in a piedmont
environment. It differs from the Raton formation in
that: 1) the sandstones are coarser grained and con-
tain unweathered pink feldspar, 2) the shales are

yellow and not carbonaceous, and 3) the coals are thin,
rare, and lignitic.

IGNEOUS ROCKS

Igneous rocks cut all the formations described
above. Stocks, laccoliths, sole injections, flows,
plugs, dikes and sills emplaced during Tertiary and
Quaternary time, occur throughout the coal region.
The composition of the rocks varies from basic to
silicic.

Prominent stocks include: 1) the granodiorite
and syenodiorite porphyritic Spanish Peaks at townships
30 and 31 south, ranges 67 and 68 west (Tps. 30 and
31 S., Rs. 67 and 68 W.), 2) the syenodiorite porphy-
ritic Dike Mountain at T. 28 S., R. 69 W., and 3) the
granite pophyritic White Peaks at T. 31 S., R. 69 W.
Laccoliths include the syenodiorite porphyritic Black
Hills at T. 27 S., R. 68 W., and the granitic cored
Morley dome8 at the intersection of Tps. 33 and 34 S.,
Rs. 63 and 64 W. Plugs include the latitic Goemmer
Butte T. 30 S., R. 68 W.

Basic to silicic dikes
and up to 30 m(100 ft) high
Peaks and Dike Mountain and
throughout the coal region. Dike fed sills, centi-
meters to 90 m (inches -300 ft) thick, occur through-
out the region, often replacing coals. Basaltic flows,
most extensive south of Trinidad, form the Raton Mesas.

.6-18 m (2-60 ft) thick
radiate from the Spanish
fill eastwest joints

STRUCTURE

The Raton basin is a north-south trending, struc-
tural and sedimentary basin. The western limb dips
steeply at 20-90°, the eastern limb dips gently at
2-10°, and the interior is almost horizontal. The
main syncline is split in the Colorado portion by the
Greenhorn anticline (a south plunging nose extending
off the Wet Mountains) into the La Veta Syncline on
the west and the Delcarbon syncline on the east. The
basin formed in Pennsylvanian time during the orogeny
that created the Ancestral Rocky Mountains and was
rejuvenated during the Late Cretaceous—-Early Tertiary
Laramide orogeny.

Anticlines bound the basin. The Sange de Cristo
Mountains to the west and the Wet Mountains to the
north are both Late Cretaceous assymetric anticlines
with exposed Precambrian crystalline cores; they are
bounded by faults on the side facing the basin. The
Apishapa uplift on the northeast and the Las Animas-
Sierra Grande uplifts to the east and southeast are
broader anticlinal uplifts.

The coal region lies in the interior of the basin|
It contains several minor anticlinal features all
having eroded crests of Pierre shale. These features
include: 1) the Tercio anticline at Tps. 34 and 35 S.
R. 68 W., 2) the O0jo anticline at T. 29 S., R. 69 W.,
and 3) the Alamo dome at section 34, T. 27 S., R. 68 W

Both normal and reverse faults occur in the coal
region. Normal faults are not widespread, Rut occur
in "isolated groups of small displacements'" -—usually
less than 15 m (50 ft). Long thrust faults lie mainly
to the east of the coal region and "involve Ehe coal
bearing and younger formations only locally"

OIL AND GAS PRODUCTION

There are four fields capable of production in
the Raton basin. Model dome (Tps. 20 and 30 S., R.
60 W.) produced helium from the Permian Lyons forma-
tion (refer Fig. 2). Sheep Mountain (Tps. 27 and 28
S., Rs. 69 and 70 W.) contains several shut in wells
capable of producing carbon dioxide gas from the
Dakota formation. Gardner, a one we113oil field at
T. 26 S., R. 79 W., has produced 373 m~ (2348 barrels)
of oil, and 64,713 m> (2250 MCF) in five years of pro-
duction from the Codell sandstone. Garcia, a gas
field at Tps. 33 and 34 S., R. 62 W., produced 44,064
x 104 m3 (15,561 MMCF) of gas from fractured Pierre
shales before it was abandoned; it is currently the
target of renewed exploration.

None of the above fields are within the coal regioq
of the Raton basin. Structures tested within the coal
region itself include the Alamo dome, the Ojo anti-
cline, the Morley dome, and the Tercio anticline.
Wells in each have exhibited shows (Fig. 4) but not
commercial production rates.

However, the drilling density in_the coal region
is low with only one well per 130 km? (50 sq. mi.)?
Possible traps that may exist include: 1) coals and
methane charged channel sands in the Vermejo and Raton
formations, 2) stratigraphic traps in the more porous
and permeable zones of the Trinidad sandstone and
hydrodynamic entrapment of gas in the Trinidad sand-
stone at basin center, 3) entrapment of gas in the
Vermejo, Trinidad and Raton formations where they are
truncated by the unconformity on the northwestern side
of the basin (Fig. 3), 4) fracture traps in the Pierre
and Niobrara shales, and 5) traps formed by the east-
ward facies changes and pinching out of the Trinidad
sandstone, Dakota sandstone, and Pennsylvanian strata.

Problems that have hindered exploration and pro-
duction in the basin to date include: 1) low forma-
tion permeabilities, 2) subnormal formation pressures,
3) formation damage in reservoirs containing swelling
clays, 4) the lack, until recently, of logging pro-
grams capable of detecting porosity and hydrocarbon
saturation in clay filled reservoirs.

COAL RESOURCES AND PRODUCTION

The commercial coal of the coal region is con-
tained in the Raton and Vermejo formations in coal
beds up to 4.3 m (14 ft) thick. However, the beds
are discontinuous and can seldom be traced more than
a few miles. Therefore, coal "zones'" are uisd for
correlation purposes rather than coal beds.

Two coal fields exist in the coal region - the
Trinidad field and the Walsenburg field. Trinidad
field coals are generally of coking quality; Walsen-
burg field coals are generally steam coals. The
Huerfano-Las Animas County line is usually taken as
the boundary between these fields although coal qual-
ity actually increases gradually from north to south
(Fig. 5).

Cumulative production from the region as of
1/1/79 was 228,117,523 Mg (251,522,676 short tons).10
Production during 1978 was 603,500 Mg (665,245 short
tons). Remaining reserves as of 1/1/77 were 609.15
x 10° Mg (671.47 million short tons). Three hund-
red twenty seven mines are on record as having opera-
ted in the regionV; 9 mines are currently operating
2 in the Walsenburg field and 7 in the Trinidad field.
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METHANE IN COAL

Specific instances of methane occurence in Raton
region coals include the following examples:

Hollis Fenderll recorded 32 coal mines with
reported occurrences of gas. These mines
are shown in Figure 6.

1)

2) The Allen Coal Mine emitted an average of
11,610 m3/d (410 MCFD) of methane during
the period 1974-1976.

3) The Energetics Healy No. 13-8 in Sec. 8,
T. 31 S., R. 65 W, reported background
gas of 1007 methane throughout the coal
interval.

4) TFilon Exploration Corporations No. 1 Zeles
Hope, at Sec. 31, T. 31 S., R. 65 W., re-
covered some burnable gas after fracturing
a 1.52 m (5 ft) Raton formation coal.

5) Thirty five completed "direct method" tests
on coal core samples indicate methane 1n
the coal of up to 15.37 cm”/g (492 ft /ton)
(See Table 1.)

"DIRECT METHOD" TEST

In the Bureau of Mines direct desorption method,
a sample of coal approximately 1,000 g in weight is
obtained from a conventional core and is sealed in a
desorption cannister (usually made of plastic or
aluminum) immediately after the core has been removed
from the core barrel. The gas emmitted by the coal
is measuared daily (by water displascement in an in-
verted graduated cylinder[(Fig. 7)] until emission
(desorption) ceases. The gas lost from the coal be-
tween the time 1t was first penetrated by the core
bit and the time it was encapsulated in the cannister
is estimated using a "back calculation'" method. After
desorption, the residual gas in the coal is measured
(by the same water displacement method) after the coal
is crushed in a sealed ball mill at the U.S. Bureau
of Mines' Pittsburgh (Bruceton) facility. The esti-
mated lost gas, plus the measured desorbed and resi-
dual gas, are added to give the total inplace gas con~
tent (in cm /g or ft3/ton) of the coal bed. (Refer
to McCulloch and others, ref. 12 for a more complete
description of this method.)

After completion of the residual gas measurements,
the samples are sent to the Department of Energy's
Pittsburgh laboratory for proximate, ultimate, and
related analyses and to the U.S. Geological Survey in
Denver for geochemical (including trace-element)
analyses. In addition, if the samples emit sufficient
gas during the initial days of desorption, a gas
sample is drawn from the inverted graduated cylinder
into an evacuated gas bomb for hydro-carbon analysis.

"DIRECT METHOD" RESULTS

As mentioned above, the Colorado Geological Sur-
vey has completed 35 "direct method" tests on coal
samples from the Raton coal region. Total gas con-
tents of the 27 grinidad field samgles range from
0.07 cm /g (2 ft?/ton) to 15.37 cm?/g (492 ft°/ton).
Total gas contents from the 8 Walsenburg field samples
range from 0.14 cm /g (5 ft3/ton) to be 2.05 cm /g
(66 ft3 /ton).

The gassiest samples in the region (nos. 4,5,6, and
10, Table 1) are of medium-volatile rank and were taken
from a depth of 305 m (1000 ft) or greater. Methane
contents of the 8 gas samples analyzed ranged from
46.147% to 98.98%; heating Values ranged from 4139~
8873 keal/m> (465-997 Btu/ft3),

Exploration for Coal Bed Methane

As can be seen from the above data, the direct
desorption method can locate coals with high methane
contents if a coal core is available. In addition,

a gas detector can detect gassy coal beds ii they are
being drilled as shown in Danilchik et al.

However, conventional formation evaluation logs
will not detect a gassy coal zone since coal beds are
highly resistive and since coals produce very high
porosity readings on neutron, sonic, and density logs
regardless of the coals' gas content. In addition,
drill stem tests in coals are often unsuccessful be-
cause of the low pressures of the coal beds. (See
Tremain for some examples).

Certain maps can help delineate areas of high
coal bed methane potential. A map of 'direct method"
gas contents and gas detector shows combined with a
coal isopach map, such as Figure 8, will indicate
high potential areas. In an area without desorption
measurements, a coal rank map, such as Figure 5, will
indicate the higher rank and thus more likely gassy
coals. In the Raton coal region where the coal bearing
formations are close to the surface, an overburden
map (such as Danilchick’s 13y is needed; such a map
permits omission of the coals with less than 305 m
(1000 ft) of overburden (from which the methane has
escaped) from resource calculations.

RESOURCE ESTIMATIONS

Estimates of the methane resources of the entire
Raton Mesa coal region await completion of overburden
maps. The overburden maps will then be combined with
coal isopach maps, coal rank maps, and "direct method"
gas contents to estimate methane resources. (Re-
maining coal reserves mentioned earlier cannot be
used for methane resource calculations since these
reserves only include coal with less than 305 m
(1000 ft) of overburden. Desorption data (see Table
1) indicate such coals have lost much of the gas which
they generated during the coalification processes.)

However, the methane resources of-'a promising 3 m
(10 ft) coal have been estimated at 8.8 x 109 m
(311 BCF) in a 140 km2 (54 miZ) area. A coal sample
from this bed has a "direct method" gas content of
over 15.6 cm3/g (500 ft3/ton) and the gas emitted by
a nearby sample was 99% methane.

CONCLUSIONS

The methane potential of a coal region and com-
mercial application of the gas can be revealed by a
detailed basin study. Such a study can illuminate
the following considerations:

Geography

1) the climate, highways, and terrain that could

affect a drilling program
2) the location of gas lines and population centers
that would affect gas markets
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Stratigraphy

1) the location, extent, trend, and continuity of
coal and other reservoirs

2) the recognition of geologic section during drilling
Structure
1) the determination of overburden on the coals

0il and Gas Production

1) the location of any coal gas shows

2) the problems that could be encountered during
drilling

3) the existence of oil and gas traps in non coals

Coal Resources and Production

1) the location of gassy mines

2) the location of high ranking (and likely gassy)
coals

Direct Method Tests

1) 1in-place gas contents

2) gas quality
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TABLE 1
DESORPTION RESULTS, RATON MESA COAL REGION

COLORADO
%
SAMPLE  DESORBED  LOST  RESIDUAL APPARENT METHANE
FIELD TEST NO. FORMATION  DEPTH TO BED  WEIGHT GAS GAS GAS TOTAL GAS RANK OF IN GAS HEATING VALUE OF GAS
(m)  (ft)  (g) (emd)  (em3)  (cm3/h) (emd/g)  (ft3/ton) COAL (AIR FREE} (kcal/m3) (Btu/ft3)
1 Raton 246.89 810.0 2319 3086 370 0.10 1.59 51 an! 66.78 6282 698
2 Raton 252.37 828.0 1098 755 130 0.0 0.81 26 hveb? -- -- -~
3 Raton 321.11 1053.5 2308 4731 480 0.0 2.26 72 hvBb3 91.75 8233 925
4 Raton 324.03 1063.1 1710 9441 850 0.01 6.03 193 mvb 83.34 7485 84
T 5 Vermejo 515.48 1691.2 1600 14255 3400 0.04 11.07 354 mvb 46.14 4139 465
6 Vermejo 546.20 1792.0 1724 18098 8300 0.06 15.37 492 mvb 97.16 8722 980
R 7 Raton 94.24  309.2 1461 3390 170 0.16 2.60 83 Tvb5 -- -- --
8 Raton 146,97 482.2 1057 2031 890 0.0 2.76 88.4 mvb -- - --
1 9 Raton 152.31  499.7 767 2718 1Mo 0.0 4,99 160 mvb == -- --
10 Vermejo 222.32 729.4 1768 10176 3300 0.33 7.95 254 mvb 98.98 8873 997
N 1 Vermejo  30.63 100.5 808 158 170 0.30 0.71 23 mvb -- - --
12 Vermejo  51.18 167.9 553 1057 800 0.20 3,56 114 mvb - - -
1 13 Vermejo 218.11 715.6 876 88 - 1.35 1.45 46 hvAbS -- -- --
14 Vermejo 246.89 810.0 1051 74 15 0.0 0.18 6 hvAb -- - --
D 15 Vermejo 247.65 812.5 1657 56 65 0.0 0.07 2 hvAb . -- --
16 Vermejo 261.37 857.5 1107 4409 280 0.60 4.84 155 hvAb 81.62 7316 822
A 17 Vermejo 265.02 869.5 1661 6589 360 0.40 4.58 147 hvAb 81.49 7307 821
18 Vermejo 266.70 875.0 1223 3183 100 0.50 3.20 102 hvAb -- - -
D 19 Vermejo 264.57 868.0 1035 505 70 0.60 1.16 37 hvAb -- -- --
20 Vermejo 265.94 872.5 1122 220 10 0.14 0.40 13 hvAb -- .- --
21 Vermejo 293.13 961.7 753 260 130 0.61 1.13 36 hvAb -- -- -
22 Vermejo 293.80 963.9 1014 270 70 0.69 1.03 33 hvAb -- -- --
23 Vermejo  306.48 1005.5 1152 745 130 0.44 1.20 38 hvAb -- -- --
24 Vermejo 308.70 1012.8 796 445 170 1.90 2.70 86 hvAb -- -- .
25 Vermejo  313.67 1029.1 809 320 90 1.20 1.7 55 hvAb -- -- --
26 Vermejo 313.94 1030.0 938 335 160 . 1.64 52 hvAb -- -- -
27 Vermejo 313.94 1030.0 478 847 200 0.65 2.86 9 hvAb -- -- --
W 28 Verme jo 33.83  111.0 1049 51 75 0.36 0.93 30 hvCb -- -- --
A 29 Vermejo  47.24 155.0 1211 82 281 0.41 1.08 35 hvCb -- -- --
L 30 Raton 205.65 674.7 315 185 300 0.10 1.60 53 hvAb -- -- --
S k]| Raton 273,10 896.0 352 157 370 0.0 1.50 48 hvAb -- -- --
E 32 Vermejo 346.47 1136.7 549 134 550 0.80 2.05 66 hvAb -- -- --
N 33 Vermejo 306.81 1006.6 369 32 300 0.0 0.90 29 hvAb -- -- --
B 34 Vermejo 308.64 1012.6 584 54 30 0.0 0.14 5 hvAb -- -- -
U 35 Vermejo 327.20 1073.5 257 48 90 0.0 0.54 17 hvAb -- -- -
R
G
1  anthracite 4 medium-volatile bituminous coal
2 high-volatile C bitumingus coal 5 low-volatile bituminous coal
3 high-volatile B bituminous coal 6 high-volatile A bituminous coal
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Fig. 1 - Index map of Raton Mesa
coal region, Colorado.



THICKNESS QIL AND
GEOLOGIC AGE FORMATION (feet] LITHOLOGY GAS SHOWS
QUATERNARY Recent 0 -30 Alluvium; basalt flows
MIOCENE Devils Hole 25 1300 | Water - Taid tuff volcanic
conglomerate
0ligocene Farisita 0 -1200 Arkosic conglomerate
> _ Variegated shale, conglomer-
E Huerfano 0 -2000 atic sandstone
e EOCENE
19 ~ Massive red conglomeratic
E Cuchara 0 -5000 sandstone with thin variegat-
ed shale
. Coarse arkosic sandstone and
Poison Canyon 0 -2500 conglomerates with thin »
PALEQCENE shales
_ Thin coalbeds, sandstone,
LATE Raton 0 -1700 basal conglomerate, shale o *
CRETACEOQUS Vermejo 0 -550 Sandstone, Shale, coal *
Trinidad sandstone 0 -300 Fine-grained beach sand *
: - Grey marine shale,
Pierre shale 1600 -2300 sandy shale, sandstone ® ¥
Q Niobrara 560 -630 Marine shale, limestone o ¥
ﬁa Carlile shale 165 -235 Dark grey marine shale *
58 Greenhorn limestone 38 -80 Thin bedded 1imestone
ul EARLY Graneros shale 185 -385 Dark grey marine shale [
= CRETACEOUS Dakota sandstone 100 -150 Grey massive sandstone [
Purgatoire 100 -150 Continental shale, sandstone o *
Morrison Continental sandstone, shale P
JURASSIC T " :
Ralston, Todilto 100 -600 Marine sediments, gypsum
Entrada Beach sandstone
Johnson Gap 10 -700 Limestone conglomerates
TRIASSIC
Dockum group of 0 -1200 Red sandstone, calcareous
formations shales, thin limestones
Bernal <150 Continential sediments
Glorieta 0 ~-200 Marine sandstones
I3 PERMIAN Yeso 0 -250 Red silt, shale, sandstone
(o]
N
o
-
P . Variegated shales, arkose,
PENNSYLVANIAN| Sangre de Cristo 250 -5400 conglomerates, thin marine ®
1imestones
PRECAMBRIAN Precambrian Basement rockg Crysta1ling, igneous, and
metamorphic

Fig. 2 - Stratigraphic chart of Raton Mesa coal region, Colorado.
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Fig. 3 - Structure map of Trinidad sandstone,
contoured in feet above sea level.
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ABSTRACT

A program was initiated to determine the extent
of the coalbed methane resource and the location of
the most favorable resource areas within the I11inois
basin, and to obtain a better understanding of the
relationships between selected variables and the
gas content of coals. Preliminary gas in-place
resource estimates are made based on coal desorption
data and the most favorable resource areas are out-
lined. Limited and/or poor data precluded establish-
ing relationships between various geological-chem-
ical/physical parameters and coal gas content.
Further investigations are required to determine
such relationships and to define what percentage of
this resource is producible.

INTRODUCTION

Coalbed gas has been of concern to the coal
industry as a safety hazard since the early days of
underground mining in the 19th century. Only
recently, however, has methane, the major component
of this gas, been considered a potential source of
energy. In late 1977, the United States Depart-
ment of Energy (DOE) initiated the Methane Recovery
from Coalbeds Project (MRCP), to characterize and
to investigate and develop means to extract the
coalbed methane resources of this country. This
paper discusses work performed in conjunction with
the MRCP and research efforts conducted by the
Indiana Geological Survey within the I11inois basin,
or Eastern Interior Coal Region.

Adequate evaluation of the methane resource
in coal of the IT1inois basin involves answering
two questions. First, what regions of the basin
hold the greatest potential for commercialization
of this resource? This question was initially
addressed by an intensive literature search,
communication with state geological surveys and the
U.S. Bureau of Mines (USBM), and by using pro-
posed geologic criteria. These efforts resulted in
identification of potential "gassy" target areas.
Recent and current activities include coring and

References and illustrations at end of paper.

testing in these target areas with the hope of
identifying smaller regions containing the best
potential for commercialization.

The second question is: What set of geologic/
chemical/physical conditions exist which cause coal
seams in certain areas to be "gassy" while in other
areas they are not? The approach taken to answer
this question has been strictly empirical; a com-
puter program designed to perform multiple variable
statistical analyses of the data is being used at
the Indiana Geological Survey. Early efforts have
been inconclusive, but it is hoped that as more
information is generated and added to the data base
significant relationships between gas content and
various parameters can be determined.

REGIONAL COAL DISTRIBUTION

The I11ingis basin contains extensive bituminous
coal reserves in Pennsylvanian age rocks. The U.S.
Geological Survey has estimated that the total coal
resource of the I11inois basin might be 3.3 x
10° kg (365 billion short tons). More than 75 in-
dividual coal seams have been identified in this
area, 20 of which are mined. A general strati-
graphic correlation of major coal seams in the
basin is provided in Figure 1. The majority of the
coals are not continuous and do not maintain con-
stant thicknesses. Individual seams range from
5cmto 4.6 m {a few inches to 15 ft) in thickness.
The coals outcrop at the basin periphery and dip
gently towards the deeper portions in southeastern
I11inois and western Kentucky. Lower and upper
Pennsylvanian coals are thin and discontinuous
making them a relatively unattractive gas reservoir
while the middle Pennsylvanian coals are thick,
generally continuous, and provide the major reserves
of the basin. The greatest cumulative thickness
of coal seams presumably occurs in the southeastern
portion of the basin (near the tri-state I1linois,
Kentucky, Indiana boundary) where the thickest
Pennsylvanian section occurs. A1l I11inois basin
coal seams are covered by less than 914 m (3,000
ft) of overburden, and the major coals are within
457 m (1,500 ft) of the surface.
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The Springfield-Harrisburg (No. 5) coal in
IMTinois and its correlatives, Springfield V in
Indiana and No. 9 coals in Kentucky are the most
extensive and uniformly thick coals in the I11inois
basin; estimated coal reserves are over 6 x 10% kg
(67 billion short tons). The Herrin (No. 6) coal
is also thick and extensive in I1linois and con-
tains estimated coal reserves of over 7 x 10* kg
(77 billion short tons). Some deeper coals contain
combined reserves estimated at over 3.5 x 10% kg
(39 billion short tons). These include the
Colchester (No. 2), which is uniformly present
over the entire basin, and the Davis (No. 6) and
Mannington (No. 4) which occur primarily in
Kentucky.

ACQUISITION OF RESOQURCE DATA

Generally all coal contains methane either as
free gas in fissures (cleats) or as adsorbed gas
on coal surfaces or in pore spaces. This gas is
trapped in the coal either during breakdown of
organic matter during coalification!, or during
vertical migration of gases from deeper source
rocks. The amount of methane gas in coal has
usually been considered a function of the rank and
depth of burial of the ccal; the greater the rank
or depth of burial the higher the gas content of
the coal.

Coals of the I1linois basin region are not
"gassy" relative to many coals in Appalachian coal
fields. Because of this, few tests of the gas con-
tent of coals in this region have been made (the
coal resource, however, is quite well defined based
on rather extensive coal exploration and production
and oil and gas drilling records). A gross indica-
tion of "gassy" areas comes from mine ventilation
records compiled by the USBMZ (Table 1). Figure 2
illustrates the Tocation of mines and the associated
ventilation of gas relative to tons of coal pro-
duced. Similar indications of potential "gassy"
areas are determined by reviewing records of mine
explosions or by talking with "old-time" miners.

The best data concerning the specific methane
content of coals, however, comes from desorption
of coal samples collected during coring operations.
The procedure for this testing was developed by the
USBM and is referred to as the "direct method" of
coalbed gas determination3; this procedure is
currently being used by the Bureau and others with
only slight modification. Basically, as soon as
the core retrieval equipment arrives at the surface
the coal sample is sealed in an air tight can. An
estimate is made of the "lost" gas during coring
operations and gas emitted from the coal,
primarily because of the change in pressure con-
ditions, is measured on a regular basis until the
emission or desorption rate is very Tow. At that
point the coal is crushed, causing any remaining
(or trapped) gas to be released. The "lost" gas
the desorbed gas and remaining gas volumes are
totaled to provide an estimate of the specific gas
content of the coal sample. It should be noted
that although these data may give reasonable
estimates of the in-place gas content of coals, no
relationship between this information and the pro-
ductive capabilities of a coal zone(s) in a well
has been established. Actual field production
tests need to be performed and correlated with
laboratory desorption data in order to generate a
reasonable estimate of the recoverable resource.

Data providing estimates of the gas contents of
I11inois basin coals have come primarily from studies
of the USBM, Indiana and I11inois geological sur-
veys, and from recent MRCP coring operations con-
ducted by TRW. Limited data has also been provided
by coal operators - generally this information is
difficult to obtain. The available data is summa-
rized in Table 2. Distribution of the data through-
out the basin is illustrated in Figure 3. 1In the
I1tinois basin area, total gas emitted during mine
operations is typically on the order of 4 to 7
times the gas indicdted to be present in the coal
from USBM "direct method" determinations.

Since 1975, the Indiana Geological Survey has
conducted a program of measuring the methane con-
tent of coals in Indiana. The Indiana Survey owns
and operates its own drilling rig; their use of a
wire-1ine coring system allows rapid withdrawl of
freshly cored coal from the hole. To date thirty-
two samples have been recovered from 7 holes in
Indiana (Figure 4).

TRW, integrating contractor for the DOE/
MRCP, contracted and conducted 5 coal coring
operations in the I11inois basin over the past
ejghteen months (Figure 5). Three of these opera-
tions were conducted in a "piggyback" mode where
the principle operator was drilling to a deeper
conventional target. During these operations,
TRW personnel planned and supervised all coring
and testing operations deemed necessary to
evaluate the coal and methane resource. TRW paid
all costs associated with those operations not
previously planned by the principle operator, and
indemnified the operator for any potential losses
he might have incurred as a result of this test-
ing. Experience has shown that once a person
becomes familiar with and known to the oil and
gas operators in a certain region these modes of
testing and types of agreements can be readily
consummated.

Additional information concerning the potential
methane resource of coals comes from predrainage
or degasification tests prior to coal mining
operations. Again, the relative low gas content
of I11inois basin coals has precluded the require-
ment for these operations in this region. How-
ever, as mining activity moves towards deeper
virgin coal areas, methane is becomming more of
a problem and predrainage a more viable option.
The only predrainage or degasification test to
date in the I11inois basin was performed by the
USBM in Jefferson Co., I11inois. Five vertical
boreholes were drilled and stimulated at an
average depth of 223 m (733 ft) in the Herrin
(No. 6) coalbed. Although a drop in methane con-
centration was observed when the borehole was
passed during mining, the holes produced an in-
significant amount of gas. According to the USBM%,
who give a complete discussion of the predrainage
test, the gas flow increased from an initial 3 to
1311 m3 (10 to 4,300 cu ft) per day.

IDENTIFICATION OF TARGET AREAS

An initial target area of approximately 2.4 x
10% (9,100) of a possible 9.6 x 10* m? (37,000
mi2) containing coal bearing rocks in the I1Tlinois
basin was selected for early testing in the MRCP
(Figure 6). This area was thought to contain
those coals having the greatest potential for
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early commercialization of the coalbed methane
resource. The following criteria were used to
select the initial target area:

e Physical and chemical characteristics of
coal (i.e., fixed carbon percent volatiles,
percent sulfur, etc.)--Higher rank coals
generally contain more methane.

¢ Seam depth (> 122 m or 400 ft)--Deeper coals
are more 1ikely to have retained the
methane.

e Total effective coal thickness {~ 4.5 m or
15 ft)-—Hiﬂher total production ner well
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possible on basis of multiseam completion.

e Individual seam thickness (minimum of
1.5 mor 5 ft for shallow beds}--To
minimize need for multiple fracturing.

o Extent {contigquous basin)--Allow extra-
polation of resuits to a wider area.

A detailed investigation completed this past
year incorporated additional resource data and the
results of recent coring operations and desorption
testsS. As a result of this study, the initial
MRCP target area was redefined (Figure 7). Selec-
tion of the redefined areas, believed to better
represent the most attractive resource areas with-
in the I11inois basin, was based on criteria
similar to that given above but also included gas
content and structural setting considerations.

The criteria used were:

e Areas reporting exceptionally gassy coals

® Areas having the thickest cumulative
section of coal

e Areas having the highest coal rank

e Areas whose major coal units are at the
greatest depths

e Areas where some structural deformation
has potentially enhanced coal porosity and
permeability.

Target Area A, located in western Kentucky,
contains a thick section of deep coals in a highly
disturbed structural belt. Target Area B, in
southeastern I1linois and southwestern Indiana con-
tains previously reported gassy coals, and thick
coal sections at considerable depths. The boundaries
outlining these areas are somewhat arbitrary, but
generally reflect the extent to which the best
combination of the criteria exists.

Field tests were performed this past fall and
winter in both target areas. These tests are
currently being evaluated to determine if the
rationale used to select the target areas is valid.
The target areas defined by the MRCP will be con-
tinually revised to reflect increased knowledge
and understanding of where the best coalbed gas
resource might exist. It is hoped that ultimately
prime target areas can be much more narrowly defined
and that possibly different regions of the basin can
be ranked relative to their potential for producing
methane gas from coal.

RESOURCE ESTIMATES

The potential in-place methane resource from
selected coalbeds in the I11inois basin can be
estimated from desorption “ata generated by the
USBM, the I11inois and Indiana State Surveys, and
field tests performed under the MRCP (see Table 2).
The Herrin (No. 6) and ihe Springfield-Harrisburg
(No. 5) coals and their correlatives in Indiana have
been sampled most often. The estimated gas content
of the Herrin (No. 6) ranges from 1 to 3.9 cc/gm
(32 to 125 ft3/ton) of coal. A similar range of
values, 1 to 4.6 cc/gm (27 to 147 ft3/ton), has
been calculated for the Springfield-Harrisburg
(No. 5) coals. The variability in gas content data
for a particular seam is both real, due to variable
geologic/chemical/physical conditions, and artifi-
cial, due to incorrect or non-uniform treatment of
the samples and data. Although recent efforts have
been performed under generally uniform conditions,
a major problem exists in trying to recognize
analytically bad data points and eliminating them so
that evaluation and estimates of gas contents are
not biased. Because of this problem, and the fact
that the data base is relatively limited, it is
difficult to make accurate resource estimates of
methane in coal in the I11inois basin. A detailed
resource estimate requires much better knowledge of
the physical and chemical character (including rank,
thickness of coal, porosity, etc.) of each coal
throughout the basin, the ceologic history of
specific regions, and how each of these parameters
affect the methane content of the coal.

Nevertheless, for the purposes of an initial
rough estimate of the in-place gas resource the
values in Table 2 are used. Minimum and maximum
expected in-place gas resources for the Danville,
Herrin, Springfield-Harrisburg, and their equivalent
coals (Figure 1) were calculated on a simple
volumetric basis for the whole basin (Table 3).

The minimum in-place gas resource for these 3 seams
is greater than 142 MMm3 (5 Tef). It is reasonable
to assume that the methane contained in major
deeper coals (Colchester, Davis, etc.) may add
significantly to this figure. Estimates of gas
resources in the redefined target areas were made
using a modest 2.2 cc/gm (70 ft3/ton) as the
specific gas content of the coals. On this basis
target area A is estimated to contain 31 MMm3

(1.1 Tcf) of gas and target area B is estimated to
contain 37 MMm3 (1.3 Tcf). Assuming the typical
cummulative thickness of coals is 4.6 m (15 ft)

in area A and 3 m (10 ft) in area B, the gas resource
estimate is on the order of 110 Mcf/acre-ft and

64 Mcf/acre-ft respectively for these areas. It
should be emphasized here that these numbers only
reflect the coalbed gas resource in-place. The
volume of gas that could actually be produced from
coal is unknown at this time. Productivity will,
of course, be affected by the degree to which the
necessary (favorable) reservoir and economic con-
ditions exist.

DISCUSSION

The desorption data indicate that the gas con-
tent of particular coalbeds can be highly variable.
Unfortunately there is no ready explanation for
this variability. The often accepted rule that
deeper and higher rank coals have the greater gas
content has only been true in some instances. In
many cases it is obvious that other parameters
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affect the amount of gas present in a coalbed.
Detailed resource estimates and an understanding of
coalbed gas accumulation can only be obtained if
relationships between gas content and the chemical
and physical properties and geologic setting (history)
of the coal are established. Once empirical or
theoretical relationships are outlined for a given
coal region it becomes possible to predict, with-
out costly and time consuming core analysis, those
areas which are 1ikely to have the best coalbed gas
resource. Previously suggested controls on gas
content which need to be investigated are coal
rank, depth, permeability and porosity of the coal,
degree of fracturing, distance to outcrop, per-
meability of adjacent strata, and the adsorptive
capacity of the coal®. The depth of burial
basically controls the temperature and pressure
conditions of the coal which in turn affects its
capacity to adsorb gas. The adsorptive capacity of
coal is also a function of fixed carbon, volatile
matter, moisture, and mineral matter percentages.
The type and permeability of adjacent strata may
play a significant role in determining the gas
content of the coal. Permeable surrounding rocks
may allow coalbed gas to escape, or permit the
migration and accumulation of natural gas from
other sources’:8, In the latter case, the coalbed
is simply acting as a host or "conventional"
reservoir rock.

The Indiana Geological Survey recently began
to investigate the relationship between some of
these parameters and the gas content of coals in
the I11inois basin. A multi-variable statistical
analysis approach is being used in this study.
The parameters, seam thickness, depth, ash, moisture,
sulfur, volatile, fixed carbon contents, and heat-
ing value {Btu) are independently tested against
the observed desorbed gas value. Computer generated
x-y scatter diagrams are analyzed statistically to
determine the extent of linear relationships. Any
correlation between parameters that might exist
has not been seen. Possibly, establishment of
relationships may be precluded at this time because
of the limited availability of and the poor quality
of some data. It is hoped that broad relationships
will become apparent as additional data and
variables are added to the system.

CONCLUSIONS

This evaluation of the coalbed methane resource

of the I11inois basin has produced the following
conclusions:

1.

Gas content of coal is generally Tow
(< 100 cc/gm).

The deepest parts of the basin in southeastern
IMinois, southwestern Indiana, and western
Kentucky probably have the greatest potential
for commercialization of this resource.

The in-place coalbed methane resource for the
entire basin exceeds 5 and may be as high as
20 Tcf; the resource in the MRCP target areas
exceeds 2.4 Tcf.

The amount of gas which is producible is
undetermined.

Gas content can vary tremendously; further in-
vestigation of the chemical/physical/geologic
controls over gas generation, migration, and
accumulation are required before relationships
between these parameters and gas content can be
established and used for predictive purposes.
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TABLE 1

Gas Emission Data from Coal Mines in the lllinois Basin

AVERAGE CUBIC FT. OF

DEPTH OF AGE OF COAL GAS TON OF

SHAFT OR  WIRE PRODUCTION COAL MINED YEAR DATA
NAME OF MINE COUNTY COALBED  SLOPE (FT.) (YR.) (TONS/DAY) (CF/TON} COLLECTED
Orient #3 Jefferson, IL.  Herrin {No. 6} 800 27 9,670 186 1973
Orient #6 do do 530 4 8,950 113 1971
Intand do do 735 10 9,500 128 1975
Old Ben #21 Franktin, IL. do 666 16 6,200 258 1975
Old Ben #24 do do 660 1 8,000 237 1975
Old Ben #26 do do 658 8 8.600 208 1975
Peabody #10 Satine, IL do 325 24 15,800 89 1975
Crown Montgomery, IL do 600 25 8,400 124 1971
Fies Hopkins, KY No. 11 200 24 4,200 296 1973
Wabash Wabash, Il Harrisburg {(No. 5} 768 3 6,800 206 1975
{From Irani, et al, 1977)

TABLE 2

Methane Desorption Data from the lllinois Basin

DESORBED REMAINING

DEPTH GAs ! QAB* TOTAL GAS CONTENT
COALBED STATE COUNTY {FT} {cc/gm} {ec/gm) (cc/gm) (FI':’/TON)
Shetbyville (7} Ninois Coles 504 0.1 0.1 BM) 0.2 8
Danville (No. 7} do Clay 994 09 0.4 (8M) 1.3a 40"
do do Coles 963 20 07 @M 2.7 87
do do Marion 664 07 0.1 BM} 08 26
Herrin (No. 6) do Clay 1035 06 0.4 (BM} 1.08 32+
do do Coles 1067 10 0.5 (BM) 1.5 48
do do Franklin ~~ 650 17 — — 83
do do do ~650 23 - — 72
do do do ~850 22 — - 89
do do Jefferson 733 18 0.1 (C8) 19 61
do do Marion 698 09 0.2(BM) 11 35
do do Wayne 900 12 0.7 (G} 19 81
do do do 969 16 1.8 (G} 34 109
do do White 781 35 0.4 (BM) 39 125
Briar Hill (No. 5A) do Clay 1075 05 0.5 (BM} 1.0 3z
do do Marion 727 04 03 (BM} 07 22
Harrisburg (No. 5) do Clay 1090 09 0.3(8M) 12 ag*e
do do Coles 1092 08 1.0 BM) 1.8 §8
do do Franklin A~ 200 12 — — 38
do do do r~700 22 - - 70
do do do ~ 700 19 - — 82
do do Jefferson 793 [¢X:] 0.2 (CB) 1.0 32
do do Marion 732 [+3:3 0.1 (BM} 0.9 29
do do Wayne 1010 24 1.3(G} a7 118
do da do 1066 14 1.3(G) 2.7 86
do do White 908 24 0.5 (BM) 2.9 a3
Colchester (No 2) do Peoria 133 06 0.5(G} 11 35
Seelyville do Clay 1352 11 0.4 (BM) 15 48"
do do Wayne 1287 13 074G} 2.0 84
do do 1290 15 1.6(G) 31 99
Danville (Vi) Indiana Knox 339 a0 1.5(G) 45 144
do do do 413 22 1.4(G) 3.8 116
do do Posey 467 Desorption in progress
do do do 506
do do Sullivan 145 07 0.2 8BM) 09 29
Herrin do Gibson 580 18 1.1(6) 29 93
do do Posey 518 Canister leaked
o o do do 562 Desorption in progress
Hymera (VI} do Knox 361 09 0.8(G) 1.7 55
do do do 422 22 1.4(G) 3.6 116
do do Suttivan 178 11 0.2 (BM) 13 42
Coal va do do 238 1.8 03(8M) 2.1 67
Coal Vb do Knox 522 19 1.2(G) 31 100
Springtield (V) do Gibson 665 27 1.81G) as 144
do do Knox 420 27 1.9G) 4.6 147
do do do 536 25 171G 4.2 134
do do Posey 616 04 048M) 08 26
do do do 665 Desorption in progress
do do Sulliven 261 21 03(8M) 2.4 77
Houchin Creek (IVa) do Posey 728 14
do do do 772 Desorption in progress
Survant (V) do Knox 695 2.8 1.9(G) a7 149
do do Posey 787 15
do do do 827
Colchaster filo} “ - Desorption in progress
Seelyvitie (I} do Gibson 994 13 0.9(G) 22 70
do do Posey 892
do do do Desorption in progress
do do Sultivan ? 22 0.3 (BM) 26 80
Coal #13 Kentucky Webstar 1200
Coal 48 o 1305 Desorption in progress

3 Data is average of two or more samples.

*Method of determination is indicated

**MRCP data

{BM) — Gas reloased by crushing sampte in ball mill
— Graphical method as in USBM Rl 8043,

1G)
{CB} — Gas released in crushing box

IDesorbed gas mcludes estimated “tost” gas




TABLE 3

Estimated In-Place Coalbed Gas Resource

(1 March 1980)

GAS RESOURCE

COAL SEAM GAS CONTENT CUBIC FT.
CUBIC FT./TON
MINIMUM MAXIMUM
Danville 40 — 116 583x 10" 1.69 x 1012
{and equivalents)
Herrin 32— 125 2.47x10'2 9.64x 1012
(and equivalents)
Springfield-Harrisbur 32 — 147 2.16x 1012 9.91 x 1012
g
(and equivalents)
Ilinois indiana W. Kentucky
Modest Fm Shetburn Fm £
w
(=
Danville (No 7)* E Danville (V) g No. 14
5 I No. 13
-
Jamestown* & | Hymera (v) No 12
. =1
Herrin (No. 6) o Herrin No. 11
No. 10
Briar Hill (No. 5A)"
Springfield-Harrisburg € Springfield (V) No 9
- w
E (No. 5) o
2 2
° 4 E
5 s <
g £ 3
S €
Summum(No 4)° Houchin Creek {IVa) 8 Upper Well (No. 8b}
Shawneetown Coal® g | Survant (V) 5 | No8
u &
j=
=]
2
Colchester {(No. 2)* -~ Colchester {llla) Schultztown
Seelyville” c Seelywiile (I1h) DeKoven
€ DeKoven* w Davis (No. 6)
w Davis* S
S | Murphysboro g
ug, New Burnside =
Bidwell v
rawe . Buffaloville Mining City {No 4)
Rock Island {No 1) o E Mannington
Willis € 3
uw Upper Block =
X Lower Block g
@
- b
£ o 4
' -
5
8 Mariah Hill
< Blue Creek
Bell
£ St. Meinrad °
Reynoldsburg w
2 .
€ Gentry % E Main Nolin
w g 2
° s Pinnick z
3 French Lick >
<4 @
F ?
H (8]
o

®Modified from Kosanke et al

. 1860

Figure 1 Stratigraphic correlation of principal coal seams in the lllinois Basin (after table 3,
Illinois Geol. Survey Min. Note 67)
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ABSTRACT

Natural gas hydrates are believed to exist in
large quantities in arctic regions and beneath the
earth's oceans. Efficient thermal recovery of gas
through hydrate dissociation is dependant on the geo-

Calculations for a steam injection recovery technique
indicate the process is energy efficient and that a
strong potential exists for gas production from
hydrates.

INTRODUCT ION

Gas hydrates are crystalline ice-like compounds
composed of water and natural gas. Unitl recently,
studies on hydrates were directed towards preventing
their formation in natural gas pipe]ines1. The
apparent discovery of natural gas hydrates in arctic
regionsZ, and under the sea floor3, has brought about
interest in their study as a potential source of clean
energy. Hydrates have also been shown to exist in oil
bearing reservoirs.® In such reservoirs, the presence
of hydrates is important not only as a potential source
of free gas, but also in the way they affect oil pro-
duction. Hydrates will block reservoir pores and will
selectively remove high vapor pressure components such
as methane, thus increasing oil viscosity and reducing
the driving force for oil production.b

The existence of hydrates in the earth therefore,
has diverse implications. Recent estimates indicate
that as much as 1018 m3 of natural gas may exist as
in-situ hydrates6. While there is no certainty that
hydrated gas can be produced economically, the poten-
tial of this resource clearly demands evaluation.

This paper examines the potential for recovering
gas from naturally occurring hydrates. Factors to be
considered in such a study are a) the location of the
hydrate fields, b) the purity of hydrates in the
reservoir, c) the type of media in which hydrates form,
d) thermodynamic conditions of temperature, pressure

References and illustrations at end of paper.

logical and thermal conditions of the hydrate reservoir.

and composition, e) thermal properties of the reservoir,

Based on these considerations, calculations were made
to determine the energy needed to dissociate hydrates
and the amount of gas recovered per kmole of hydrate

dissociated.

NATURE OF GAS HYDRATES

Two structures of gas hydrates called structure I
and structure II are known to form from mixtures of
water and light gases. Each of these structures has
two approximately spherical cavities of different
diameter as shown in Table 1. Not all the cavities
need be occupied by gas molecules to produce a stable
hydrate, but a completely unoccupied lattice phase is
metastable and does not exist.

The thermodynamic behavior of gas hydrates is
illustrated by the phase diagram for methane-ethane-
water hydrate forming mixtures (Figure 1). A gas of
any indicated composition will form hydrates at
pressure-temperature points above the corresponding
curve. Below the curve, hydrates will decompose; high
pressures and low temperatures favor hydrate formation.

The enthalpy of formation of gas hydrates,.from
water and free gas can be approximated by a modifica-
tion of the Clapeyron equation.

=2z RT2 dlwp .

AH ar

(1)

Diss

The derivative d %w P/dT is the slope of the semi-

logarithmic P-T graph shown in Figure 1. Calculation
of the enthalpy of formation is important because it
gives the energy required to dissociate the hydrates.

The hydrates which form in the earth are likely to
be structure I hydrates only when pure methane is
present. Structure II hydrates will generally form in
the presence of even small quantities of heavier gas
constituents such as propane. The amount of gas in
the hydrate does not generally depend on the structure;
structure I has one cavity for every 5-3/4 water
molecules and structure II has a cavity for every
5-2/3 water molecules. Occupation of all the cavities
of either structure results in a maximum gas concen-
tration, 15 percent, in the hydrate phase. Table 2
shows the composition of the hydrate that would be in
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equilibrium with a natural gas containing 97% methane,
2% ethane and 1% propane./ As this table indicates,
the hydrate phase gas composition depends upon the
formation temperature. The presence of propane causes
structure Il to form and greatly enhances the sta-
bility of the hydrate by lowering the dissociation
pressures; hence structure II hydrate can exist under
a considerably wider range of geological P-T conditions
than can structure I.

A basic model to predict hydrate equilibria was
first developed by_van der Waals8. The model with
some modifications’/, serves as the basis for hydrate
equitibrium calculations to determine the conditions
at which hydrates may form within the earth.

HYDRATES IN SUB-SURFACE ENVIRONMENTS

Occurrences of continental hydrates are found
primarily in regions of thick permafrost, where the
temperature at any given depth within the earth is
relatively low. Katz’? reported that Alaskan reserves
of hydrates exist at depths of 200 to 1300 m, The
estimates are based upon actual temperature profiles
and an assumed hydrostatic head. If an overburden
pressure provides a greater pressure at every depth,
the probable range of hydrate existence would increase.
Temperature profiles indicate hydrate existence, due
to the dissimilar thermal properties of hydrates,
water,and ice. Hydrates have a lower thermal conduc-
tivity than water or ice and hence effect a character-
istic temperature gradient.

The possible existence of gas hydrates in marine
sediments was suggested by Stol110 to explain un-
usually high seismic velocities and anomalous reflec-
tors in gas-rich sediments on the Blake-Bahama outer
ridge, off the coast of Florida. The average ac-
coustic wave velocity in the sediment based on the
most obvious correlation between seismic reflections
and 1ithologic changes was found to be over 2 km/sec,
which is high when compared to velocities in sediments
with similar porosity and grain size that contain no
gas. Milton6 has suggested that the anomalous re-
flectors are due to the presence of an isothermal
surface which itself is indicative of a phase transi-
tion that would exist for hydrate-gas-water equili-
brium. At present, it is felt that the anomalous
reflectors that have been observed are located at
depths where the temperature-pressure conditions
correspond to a gas-water-hydrate equilibrium curve
such as shown in Figure 1.

Experimental studies by Makogon11 to simulate
hydrate formation in porous rock found that factors
influencing hydrate formation are a) the degree of
moisture saturation of the rock, b) the gas-water
contact area and c) the capillary radii of the pores.
In particular, the capillary effect of the porous
rock causes the vapor pressure of the water to de-
crease and consequently causes the hydrate forming
pressure to increase.

HYDRATE DISSOCIATION

The dissociation of hydrates to gas and water can
be represented by

nHH20 * CHy (hydrate solid) > nHZO(water)+CH4(gas).(2)

where ny has a value approaching 6 for hydrates of
natural gas. The enthalpy change associated with the

transition is about 63 kJ per mole of methane dis-
sociated.

As has been predicted by Katz9 and verified in
drilling operations, rapid dissociation of hydrates
cannot be effected, simply by relieving the pressure
in a hydrate reservoir. The energy for hydrate dis-
sociation has to be supplied by an internal source.
The energy required to produce one cubic meter of gas
from hydrates represents about seven or eight percent
of the heating value of the gas produced. The exact
ratio of the energy recovered to the energy input will
depend on the composition of the gas recovered and on
the heat losses incurred in transferring. the dissocia-
tion energy to the hydrate phase.

The energy efficiency of hydrate production can be
estimated by making an energy balance over the reser-
voir volume in which the hydrates are dissociated!?

In this model, it is assumed that steam is 1njected
into the hydrate conta1n1ng reservoir, causing the
hydrates to dissociate in the v1c1n1ty of the injection
string bottom. A further assumption is that the region
of dissociation is continuous, and has a spatially
uniform temperature TR, which will be higher than the
surrounding temperature. Figure 2 is a schematic of
steam injection in a hydrate reservoir, showing the
interface between the gas-water region and the hydrate
region. An energy balance over the control volume
considered, gives

d MRHR

dt

o s
MS‘_ AH MG

AH

S

The term on the left represents the enthalpy change of
the steam from the time it enters the reservoir to the
time it leaves as water. The first term on the right
represents the enthalpy change of the water and gas in
the hydrate phase as it dissociates from hydrates at
temperature Ty, forming gas and water at the reservoir
temperature Tp. If Mg is the flow rate of recovered
gas, and o, the fraction of dissociated gas left un-
recovered, then Mg/(1-a) is the total rate of dissocia-
tion. The enthalpy change assoc1ated w1th this tran-
sition is [AHpiss + (Cpg *+ ny Cpy)aT) Me/(1-a) and a
compar1son with the secgnd term 1n equa%1on 2 indicates
that AH* can be expressed as

* o -
AH* = [AHDiss+(Cpg +n, € w)AT]/(l ).

In the above analysis, Mg and Mg are assumed to
be constant steam injection anhd gas production rates.
For the actual case, the quantities could be considered
to be averaged over the duration of steam injection
and hydrate dissociation.

The last term in equation 3 represents the change
in sensible heat of the reservoir media, for total
dissociation of the hydrates within the control volume.
This sensible heat change is given by

-1+

where (1-¢) is the 'effective' porosity of the reser-
voir. The total heat balance can now be written as

d MR HR
dt

nH pR .
E) pHOHCpR AT M. .(5)

AHS MS—

H* + ¢ *
(a b
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where * F—¢ ny PR
= —C . ... 7
Cp ¢ J(T-a) °H20,H PR (7)

*

Equation 7 indicates that C, , the effective
reservoir heat capacity, depends on o, the fraction of
dissociated gas that is not recovered. While a cer-
tain amount of gas will remain trapped in the porous
medium, an efficient steamflood would displace most of
the dissociated gas. A Tower limit on the quantity of
gas recovered can be calculated by assuming gas re-
covery at a pressure equal to the equilibrium pressure
at the corresponding depth, and complete displacement
of residual water from the control volume. A sample
calculation was done (Appendix) assuming a basis of
100 cubic meters of reservoir volume initially occu-
pied by hydrates at equilibrium conditions of 6900 kPa
and 283 K. The final conditions correspond to the
100 cubic meters of reservoir volume occupied by gas
at the same pressure and temperature. The upper Timit
on o in this case is 0.46. In actuality, the final
pressures attained are much less than equilibrium
pressures. The presence of residual water also de-
creases the reservoir volume available to the gas.
These two factors lead to increased gas recoveries and
much lower values of a.

Typical properties of hydrates and hydrate reser-
voirs are given in Table 3. Using these properties, a
comparison of the sensible heat terms shows that

[3¢]

)
1-¢
(ny cpw) % 0.1 [-75-]

That is, the heat gained by the reservoir media is much
greater than the sensible heat gained by the water or
gas. Cp*, the effective heat capacity of the reservoir
media is hence more important than the heat capacity of
the dissociated hydrates. From the data of Table 3,
Cp* is calculated to have a value between 25 and 6700
kd/K for every kmole of gas produced. For numerical
purposes, Cp* is assigned a value of 1250 kJ/kmol-K

c = 0.1(nH pr
"y PR

———C 5 . .(8)
(1-a) oy o, PR

Figures 3 through 5 show how the steam require-
ment per kmole of gas produced varies with latent heat|
and the reservoir temperature increase. Figure 3 shows
the energy input to output ratio, expressed here in kg
of steam/100 m3 of gas, as a function of the combined
latent and sensible heats of hydrate dissociation. In
this figure the average reservoir temperature increase
is assumed to be 30 OK. The value of AHc is the amount
of latent heat of the steam given up to the reservoir.
If AHg is 2330 kJ/kg, then all of the latent heat is
transferred to the reservoir. If AHg is 1860 kJ/kg,
than 80 percent of the heat is transferred to the
reservoir. If AHc is 1400 kJ/kg, 60 percent is trans-
ferred. The remaining 20 percent, or 40 percent are
considered to be heat losses.

Figures 4 and 5 show similar curves for average
reservoir temperature increases of 500K and 709K re-
spectively. It is unlikely that temperature increases
as large as 709K would be required since hydrates will
generally dissociate at temperatures less than 2980K,
A 700K increase would imply a normal reservoir temper-
ature of 2280K which is highly unlikely in any region,
However, in order to effect a rapid rate of gas pro-
duction, some increase above the hydrate equilibrium
dissociation temperature will be required.

Figure 6 shows how the input to output energy
ratio depends upon the modified reservoir heat capacity,
Cp*. As Equation 7 shows, this term incorporates ¢,
tﬂe fraction of the reservoir containing hydrates, and
a, the fraction of the dissociated gas that is re-
covered, The upper line in Figure 6 represents a case
where forty percent of the steam energy is lost, with
the reservoir temperature raised 70°K. Above a
Timiting value of Cp* ( ® 4200 kJ/kmol K), the energy
produced is less than the energy input. The Tower line
represents a case wherein heat losses are negligible.
For such cases, it is Tikely that a net energy produc-
tion will be obtained for values of Cp* as high as
8000 kJ/kmo1l: K.

CONCLUSIONS

The thermodynamic evaluation presented, indicates
that -hydrates, if they exist in a pure enough state,
have good potential for producing gas with a greater
energy content than is needed to break down the hy-
drates. The produceability of a reservoir depends on
the geological factors that determine the amount of
hydrates formed. Reservoir porosity influences both
heat requirements and recovery flow rates of dissoci-
ated gas. Other important factors are the thermal
properties of the reservoir which determine the ef-
ficiency of thermal injection, and thermal properties
of hydrates, At this point, only estimates can be
made of the heat quantities involved. It is clear
however that if future research finds that reservoir
conditions are favorable, then the production of gas
from hydrate fields is certainly viable from a thermo-
dynamic viewpoint.

NOMENCLATURE
Cpg = gas heat capacity - kJ/kmo]-K
CpR = reservoir media heat capacity - kdJ/kg-K
Cpw = water heat capacity - kd/kmol-K
Cp* = reservoir effective heat capacity -
kd/kmol K
AHpigg= enthalpy of dissociation - kd/kmol CH4
HR = reservoir media enthalpy - kJ/kg
AH§ = steam enthalpy change - kJ/kg
AH* = effective gas-water enthalpy change -
. kd/kmol CHy
Mg = recovery rate of gas - kmol/s
Mp = reservoir mass
Mg = mass flow rate of steam - kg/s )
ny = number of water molecules/gas molecule in
the hydrate phase
p = pressure - kPa
t = time - s
T = temperature - K
Ty = hydrate dissociation temperature - K
TpR = reservoir temperature within the control
volume - K
z = gas compressibility factor
AT = Tp-Ty = reservoir temperature increase
o = fraction of dissociated gas that is not
recovered 3
PR = reservoir media density - kg/m
szO H= density of water in the hydrate phase -

kmo1/m3 o
fraction of reservoir containing hydrates -
m3 hydrate/m® reservoir
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